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Abstract
The accumulation of transuranic inventories in spent nuclear fuel depends on both deployment of
advanced reactors that can be loaded with recycled transuranics (TRU), and on availability of the facilities
that separate and reprocess spent fuel. Three recycling strategies are explored in this study: (1) Recycling
in thermal Light 'Water Reactors (LWR) using CONFU technology (CQOmbined Non-Fertile and UO2
fuel), (2) recycling of TRU in fast cores of Actinide Burner Reactors (ABR), and (3) recycling of TRU
with UO2 in self-sustaining Gas-cooled Fast Reactors (GFR).
Choosing one fuel cycle strategy over the others involves trade-offs that need to be quantified. The
CONFU, ABR, and GFR strategies differ from each other in terms of TRU loading in the reactor, net
TRU incineration, capacities of recycling facilities needed, technology option availability, and flexibility.
The CONFU and GFR are assumed to achieve zero net TRU incineration, while the ABR is a net
consumer of TRU. The TRU loading is greatest in GFR and lowest in CONFU. While both CONFU and
ABR require separation (of TRU from U) and reprocessing (recycling of TRUs from fertile-free fuel), the
GFR is designed to, in equilibrium, recycle TRU+U after extraction of fission products only. It is
assumed that thermal recycling is available in the short-term (2015), as opposed to recycling in fast
reactors (2040). Finally, thermal recycling is the most flexible as either CONFU batches or regular LWR
uranium batches can be loaded; the issue of running out of TRU fuel is therefore irrelevant for this option.
A fuel cycle simulation tool, CAFCA II - Code for Advanced Fuel Cycles Assessment - has been
developed. The CAFCA II code tracks the mass distribution of TRU in the system and the cost of all
operations. The code includes a specific model for recycling plants deployment; as an industrial process
occurring in facilities with given capacities and investment requirements. These facilities may operate
with a minimum target capacity factor during the lifetime of the plant. The deployment of these facilities
is also constrained by a user-specified ability to add recycling capacity within a given time interval.
Finally, the CAFCA II code includes a specific model for recycling prices as a function of plants nominal
capacities, which reflects the economies of scale that go with increasing the nominal capacity of recycling
plants.
Our first case-study identifies the optimal choice of fuel cycle option and recycling plants capacities as a
function of the deployment of advanced fuel cycle technologies over the next hundred years and under the
assumption of the US demand for nuclear energy growing at a 2.4% annual rate. Key figures of merit for
comparison of the strategies are the reduction of TRU interim storage requirements, the maximization of
TRU incineration, the minimization of the size of the fleets of recycling plants and fast reactors, and the
fuel cycle cost.
We found that it is not possible to minimize simultaneously (1) the construction rate of advanced reactors
and advanced spent fuel recycling facilities, and (2) the construction rate of U0 2 spent fuel separation
facilities. The latter was found to be more constraining than the first for purposes of TRU inventories
reduction. We found also that reactor technologies with zero net TRU destruction rate can achieve total
depletion of TRU inventories is spent fuel interim storage at a lower fuel cycle cost and with fewer
recycling facilities than reactor technologies that incinerate TRU; the lower fuel cycle cost is achieved at
the expense of a lesser reduction of total TRU inventories. Finally, we found that, if the construction rate
of advanced nuclear technologies is large enough, the later introduction date of fast recycling schemes
compared to thermal recycling schemes is not discriminatory, with regards to the reduction of TRU
inventories in interim storage by 2100.
The potential of multi-lateral approaches to the nuclear fuel cycle has recently been widely acknowledged.
Cited benefits include cost attractiveness following from economies of scale, proliferation resistance and
collaborative and more efficient nuclear waste treatment strategy. CAFCA II has been developed to
quantify these trade implications for the back-end of the fuel cycle Three bi-lateral scenarios of
partnerships have been examined between two regions: first a scenario where the "Fuel-leasing/fuel take-
back" concept is implemented, second a scenario with "Limited Collaboration" at the back-end fuel cycle,
where spent fuel recycling and advanced fuel fabrication are externalized in countries that have these
technologies, and third a scenario of "Full Collaboration", under which two regions fully collaborate at
the fuel cycle back-end: spent fuel inventories and advanced fuel cycle facilities are co-owned and co-
managed.
Our second case-study concentrates on optimizing the choice of (1) fuel cycle option, (2) spent fuel
recycling plant capacities, and (3) partnership scenario by analyzing the implications of these choices for
the LWR-CONFU, LWR/ABR, and LWR/GFR strategies. The nuclear fuel cycle is simulated in a two-
region context from 2005 to 2100 under the assumption that one region represents the US growing at a
2.4% annual rate and the other region represents Brazil, Indonesia, and Mexico growing at a 7.4% annual
rate until 2080, and at 2.4% afterwards.
We found that a US partnership with Brazil, Mexico, and Indonesia, could be advantageous to the
reduction of TRU storage in both regions if the construction rate of UO2 spent fuel separation plants
would be larger than one 1,000 MT/yr plant every two years after 2050. We found also that, from the
point of view of the spent fuel recycling industry, use of largest recycling plants with the lowest
construction cost per unit of installed capacity becomes optimal only with multi-national approaches to
the fuel cycle back-end.
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Mujid S. Kazimi, Professor of Nuclear Science and Engineering
Ernest J. Moniz, Co-Director, Laboratory for Energy and the Environment
Table of contents
Table of contents ......................................................................................... ............................................ 5
List of figures ............................................................................................. ............................................. 8
List of tables ............ .................................................................................................................. 10
Nomenclature ............ .................................................................................................................. 12
Chapter I. Introduction ... ............................................................................................................ 14
Chapter II. Reactors and Fuels Technology Options................................................. 18
II.A. Light W ater Reactors loaded with traditional UOX batches ...................................... ... 18
II.B. Light W ater Reactors loaded with UOX or CONFU batches ..................................... .... 21
II.C. Actinide Burner Reactors .......................................................... ............................................ 25
II.D. Gas-cooled Fast Reactors.......................................................... ............................................ 27
II.E. Loading Fast Reactors with TRU from spent FFF-CONFU reprocessing? ............ . . . .. . . .. . . . ..... 28
II.F. Conclusion ............................................................................................ ................................. 29
Chapter III. Fuel Cycle System Single-Region M odel................................................ .. ........ 30
III.A. Power growth model.............................................................. .............................................. 30
III.B. Time-step choice and "equivalent" fast reactors............................................ 30
III.C. System model for the front-end ......................................................................... .................. 32
HI.D. System model for spent fuel storage....................................................................................... 33
III.D. 1. Cooling pools on reactors sites .................................................................... ................. 34
III.D.2. Interim storage upstream of recycling plants .................................................................. 34
III.D.3. Initial spent fuel legacy ........................................................................... ..................... 34
III.E. System model for the LW R fleet ........................................................................ .................. 35
III.F. System model for fast reactor fleet..................................................................... .................. 35
III.G. System model for spent fuel recycling ....................................................... 36
III.H. System model for advanced pins fabrication............................................ 38
III.I. Forecasts models ............................................................. ................................................. 38
III.I.1. Assumptions.................................................................................. ................................. 38
111.1.2. Feedback algorithm ............................................................ ............................................ 39
III.J. Conclusion ................................................................................................................................ 43
Chapter IV. Recycling costs, prices, and cost of electricity.....................................................................44
IV.A. Introduction .. ............................................................................................................... 44
IV.A. 1. Financial parameters and discount rate ..................................... .............. 44
IV.A.2. Cost structure of reactors and spent fuel recycling plants ........................................ 44
IV.A.3. Calculation of capital costs annuities ..................................................... 45
IV.A.4. Production costs and prices ........................................................................ .................. 46
IV.B. Spent fuel recycling costs and prices................................................................. .................. 47
IV.B. 1. Influence of plant capacity on capital costs ..................................................................... 48
IV.B.2. Annual operating costs ............................................................................ ..................... 50
IV.B.3. Spent fuel recycling prices ......................................................................... .................. 51
IV.C. M inimum allowed capacity factor for recycling plants ............................................ 52
IV.D. Average total production cost of electricity ..................................... .............. 55
IV.D.1. Capital costs ...................................................................................... ........................... 55
IV.D.2. Fixed O&M costs ............................................................ ............................................. 56
IV.D.3. Fuel cycle cost............................................................... ............................................... 56
IV .D .3.a. Fuel cycle prices......................................................... ........................................... 57
IV .D .3.b. Lead tim es .............................................................. ............................................... 57
IV .E . U nit prices of batches ................................................................................. ......................... 60
IV.F. Subsidy mechanism for spent fuel recycling.............................................. .. ........ 62
IV .G . C onclusion ....................................................................................... .................................... 64
Chapter V. Optimizing Recycling Strategies in the US Context.............................. ........... 65
V .A . Introduction....................................................................................... .................................... 65
V .B . D efinition of scenarios ............................................................. ............................................. 67
V .B .1. Pow er dem and................................................................ ................................................ 67
V .B .2. Initial LW R fleet.............................................................. .............................................. 67
V.B.3. Initial UO2 spent fuel inventory ..................................................................................... 68
V.B.4. Introduction date of advanced technologies ..................................... ........... 68
V.B.5. Deployment parameters of advanced technologies......................... ............ 68
V.B.5.a. Fast reactors deployment parameters............................................ .................. 69
V.B.5.b. Recycling plants deployment parameters ............................................... 70
V.C. Preliminary evaluation of fuel cycle options ..................................... .............. 71
V.C.1. Advanced technology requirements at equilibrium .......................................... 72
V.C. 1.a. Reactor technologies requirements at equilibrium ...................................... ... 72
V.C. 1.b. Spent fuel recycling requirements at equilibrium ...................................... .... 72
V.C.2. Reduction of TRU inventories in interim storage during the transient........................... 74
V .C .2.a. Fast reactor case.......................................................... ............................................ 74
V .C .2.b. C O N FU case............................................................. .............................................. 76
V.C.3. Three-factor evaluation of fuel cycle strategies .................................... ........ 77
V.C.4. Optimizing fast reactors for reduction of TRU inventories in interim storage ................. 78
V.D. CAFCA II evaluation of fuel cycle options and choices of recycling plants capacities ......... 81
V.D. 1. Base case scenario for the deployment of advanced technologies ................................... 81
V.D.l.a. Infrastructure implications......................................................................................81
V .D .1.b. M ass balances............................................................ ............................................. 93
V .D .1.c. Econom ic im pacts ........................................................................... ..................... 105
V.D.1.d. Six-criterion evaluation ...................................... 109
V.D.2. Low case scenario for the deployment of advanced technologies......................... 110
V.D.2.a. Preliminary observations ..................................... 110
V.D.2.b. TRU mass balance................................................................................................ 112
V.D.2.c. Spent fuel recycling plants ................................................................................... 113
V.D.2.d. Six-criterion evaluation........................................................................................ 115
V.D.3. High case scenario for the deployment of advanced technologies ................................. 1...16
V .D .3.a. TR U balance ............................................................................................................... 116
V.D.3.b. Spent fuel recycling plants ...................................................................................... 117
V.D.3.c. Six-criterion evaluation ...................................... 118
V .E . C onclusion.................. .............................................................................................. 120
Chapter VI. Model for Multi-Regional TRU Management ............................. 125
VI.A. Today's MOX and spent fuel recycling markets ..................................... 125
VI.A. 1. The MOX market ........................................ 125
VI.A.2. The spent fuel recycling market ..................................... 126
VI.A.3. First-mover and second-mover fuel cycle countries ...................................... .... 126
VI.B. Multi-region model for mass flows and infrastructures construction............................ 127
VI.B.1. Definition of inter-regional transactions........................................................................... 128
VI.B.2. Advanced technologies deployment and inter-regional transactions ............................. 131
VI.C. Economic model for inter-regional transactions......................................................... 132
V I.D . C onclusion.................. ............................................................................................. 134
Chapter VII. Optimizing Recycling Strategies in a Multi-Regional Context.............................. 135
V II.A . Introduction ............................................................................................................................ 135
VII.B. Definition of regions ........................................................................................................ 136
VII.B.1. Region A representing the US...................................................................................136
VII.B.2. Region B representing Brazil, Indonesia, and Mexico............................... 137
VII.B.2.a. Power demand.......................................................................................................... 137
VII.B.2.b. Initial LWR fleet................................................................................................... 138
VII.B.2.c. Initial UO2 spent fuel inventory ..................................... 138
VII.C. Definition of scenarios ........................................ 138
VII.C.1. Scenario #1: "Fuel-leasing - fuel take-back"............................ 138
VII.C.2. Scenario #2: "Limited collaboration" ..................................... ............. 139
VII.C.3. Scenario #3: "Full Collaboration".............................................................................139
VII.D. Implications of multi-regional partnerships ..................................... 139
VII.D.1. Methodology for scenarios comparison........................... ......... ........ 139
VII.D.2. Scenario #1: "Fuel-leasing / fuel take-back" ..................................... 140
VII.D.2.a. TRU stocks ........................................................................................................ 140
V II.D .2.b. Fuel cycle costs ........................................................................................................ 141
VII.D.3. Scenario #2: "Limited collaboration" ..................................... 145
V II.D .3.a. TR U stocks .............................................................................................................. 145
VII.D.3.b. Fuel cycle costs.................................................................................................. 146
VII.D.4. Scenario #3: "Full Collaboration".............................................................................154
V II.D .4.a. TR U stocks .............................................................................................................. 154
VII.D.4.b. Fuel cycle costs.....................................155
VII.E. Conclusion ............................................................................................................. 158
Chapter VIII. Summary of conclusions..................................................................................................... 163
VIII.A. Optimization of fuel cycle strategies in the US context ..................................... 163
VIII.A. 1. Three-factor preliminary evaluation of fuel cycle strategies ......................................... 163
VIII.A.2. Evaluation of fuel cycle strategies using CAFCA II ..................................... 164
VIII.B. Optimization of fuel cycle strategies in a multi-region context............................. 166
R eferences .............. .................................................................................................................. 170
Appendix A: Methodology to derive the core characteristics of an "equivalent" fast reactor with a 1.5 year
cycle length ............ .................................................................................................................. 172
Appendix B: Fuel cycle costs - One-region case study - Base case................................. 174
Appendix C: Cost of Electricity (COE) - One-region case study - Base case ....................................... 183
Appendix D: TRU mass balance - One-region case study - Low case ..................................... 186
Appendix E: Spent fuel recycling plants - One-region case study - Low case .................................... 189
Appendix F: TRU mass balance - One-region case study - High case ......................................... 192
Appendix G: Spent fuel recycling plants - One-region case study - High case ................................... 195
Appendix H: Feedback algorithms for multi-region nuclear fuel cycle simulations............................. 198
List of figures
Figure 1: Front-end of the Once-Through cycle................................................................... ................. 19
Figure 2: Weight percentage of TRU isotopes in LWR spent fuel ...................................... ..... 20
Figure 3: TRU vector in FFF spent fuel after one recycle and at equilibrium ..................................... 23
Figure 4: Front-end of the LWR-CONFU fuel cycle .................................................... 24
Figure 5: Spent fuel recycling scheme for the LWR-CONFU fuel cycle .................................... ... 25
Figure 6: Spent fuel recycling scheme for the LWR/ABR fuel cycle ..................................... .... 26
Figure 7: Spent fuel recycling scheme for the LWR/GFR fuel cycle ..................................... .... 28
Figure 8: General representation of the front-end in CAFCA II ....................................... ..... 32
Figure 9: General representation of spent fuel storage in CAFCA II................................... .... 33
Figure 10: General representation of spent fuel recycling in CAFCA II .................................... ... 36
Figure 11: Feedback algorithm for fast reactors (step 1) ................................................. 40
Figure 12: Feedback algorithm for separation plants (step 1)....................................... ...... 41
Figure 13: Feedback algorithm (step 2) ............................................................................ .................... 42
Figure 14: Annuity factors as a function of financing structure and construction time ........................... 46
Figure 15: Recycling plants capital cost as a function of capacity............................ ... ...... 48
Figure 16: Mechanism of subsidy for spent fuel recycling .......................................... ....... 63
Figure 17: Number of years since construction of existing reactors in 2005 .............................................. 67
Figure 18: Construction requirements as a function of reactor lifetime............................... ..... 68
Figure 19: Construction requirements as a function of the proportion of fast reactors built every year.....69
Figure 20: Distribution of CONFU batches in the LWR-CONFU strategy - Base case ......................... 84
Figure 21: Power generation in the LWR-ABR strategy - Base case.................................. ..... 85
Figure 22: Power generation in the LWR/GFR strategy - Base case ..................................... .... 86
Figure 23: Recycling plants in the LWR-CONFU strategy - Base case................................ .... 90
Figure 24: Recycling plants in the LWR/ABR strategy - Base case ..................................... ..... 91
Figure 25: Separation plants in the LWR/GFR strategy - Base case.................................. .... 92
Figure 26: HM balance in the LWR-CONFU strategy - Base case.................................. ..... 96
Figure 27: HM balance in the LWR/ABR strategy - Base case ........................................ ..... 97
Figure 28: HM balance in the LWR/GFR strategy - Base case...........................................98
Figure 29: TRU balance in the LWR-CONFU strategy - Base case ..................................................... 102
Figure 30: TRU balance in the LWR/ABR strategy - Base case.........................................103
Figure 31: TRU balance in the LWR/GFR strategy - Base case ..................................... 104
Figure 32: Proportion of un-amortized reactors, as a function of the amortization period .................... 106
Figure 33: Closed cycle cost margin for the total average production cost of electricity ...................... 108
Figure 34: Installed capacity in Region A and Region B ..................................... 138
Figure 35: TRU stocks - Region A - Scenario #1 ..................................... 142
Figure 36: TRU stocks advantage - Scenario #1 vs. "Isolated"............................ 143
Figure 37: Fuel cycle costs disadvantage - Region A - Scenario #1 vs. Isolated............................ 144
Figure 38: TRU stocks - Region A - Scenario #2 ..................................... 149
Figure 39: TRU stocks advantage - Region A - Scenario #2 vs. scenario #1 .................................... 150
Figure 40: TRU stocks - Region B - Scenario #2 ............................................. ........ 151
Figure 41: Fuel cycle cost advantage - Region A - Scenario #2 vs. scenario #1 ................................... 152
Figure 42: Fuel cycle cost - Region B - Scenario #2 ............................................ ....... 153
Figure 43: TRU stocks advantage - Region A&B - Scenario #3 vs. scenario #2 .................................. 156
Figure 44: Fuel cycle cost - Region A&B - Scenario #3 .......................................... ........ 157
Figure 45: Metric index for all regions as a function of scenarios ..................................... 161
Figure 46: Detailed Fuel Cycle
Figure 47: Detailed Fuel Cycle
Figure 48: Detailed Fuel Cycle
Figure 49: Detailed Fuel Cycle
Figure 50: Detailed Fuel Cycle
Figure 51: Detailed Fuel Cycle
Figure 52: Detailed Fuel Cycle
Figure 53: Detailed Fuel Cycle
Figure 54: Detailed Fuel Cycle
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
Cost
for the LWR-CONFU strategy - Base case - (i) ......................... 174
for the LWR-CONFU strategy - Base case - (ii) ........................ 175
for the LWR-CONFU strategy - Base case - (iii) .......................... 176
for the LWR/ABR strategy - Base case - (i) ............................... 177
for the LWR/ABR strategy - Base case - (ii) .............................. 178
for the LWR/ABR strategy - Base case - (iii) ............................. 179
for the LWR/GFR strategy - Base case - (i) ............................... 180
for the LWR/GFR strategy - Base case - (ii).............................. 181
for the LWR/GFR strategy - Base case - (iii)............................ 182
Figure 55: Average total production costs of electricity for the LWR-CONFU strategy - Base case...... 183
Figure 56: Average total production costs of electricity for the LWR/ABR strategy - Base case ......... 184
Figure 57: Average total production costs of electricity for the LWR/GFR strategy - Base case........ 185
Figure 58: TRU balance for the LWR-CONFU strategy - Low case .................................... 186
Figure 59: TRU balance for the LWR/ABR strategy - Low case................................. 187
Figure 60: TRU balance for the LWR/GFR strategy - Low case ..................................... 188
Figure 61: Spent fuel recycling plants for the LWR-CONFU strategy - Low case............................... 189
Figure 62: Spent fuel recycling plants for the LWR/ABR strategy - Low case .................................... 190
Figure 63: Spent fuel recycling plants for the LWR/GFR strategy - Low case................................ 191
Figure 64: TRU balance for the LWR-CONFU strategy - High case.................................................... 192
Figure 65: TRU balance for the LWR/ABR strategy - High case......................................................... 193
Figure 66: TRU balance for the LWR/GFR strategy - High case................................. 194
Figure 67: Spent fuel recycling plants for the LWR-CONFU strategy - High case .............................. 195
Figure 68: Spent fuel recycling plants for the LWR/ABR strategy - High case....................................1...96
Figure 69: Spent fiuel recycling plants for the LWR/GFR strategy - High case ................................... 197
Figure 70: Feedback algorithm (step 1) for the multi-region model ..................................... 198
Figure 71: Feedback algorithm (step 2) for the multi-region model ..................................... 199
List of tables
Table 1: LW R core specifications ............................................................................................................... 18
Table 2: LW R batch parameters in CAFCA II..................................................................... ................. 21
Table 3: Mass parameters for young CONFU batches in CAFCA II.................................... .... 23
Table 4: Mass parameters for old CONFU batches in CAFCA II ............................................ 24
Table 5: A BR core specifications............................................................. ............................................. 25
Table 6: ABR batch mass parameters at equilibrium............................................. .................... 26
Table 7: G FR core specifications .................................................................................. ........................ 27
Table 8: GFR batch mass parameters at equilibrium .................................................... 27
Table 9: "Equivalent" ABR batch mass parameters in CAFCA II (for 1.5-year cycle)..........................31
Table 10: "Equivalent" GFR batch mass parameters in CAFCA II (for 1.5-year cycle) ......................... 31
Table 11: Financial variables ..................................................................................... ........................... 44
Table 12: Theoretical capital costs of UO2 spent fuel separation plants [Haire] ..................................... 49
Table 13: Capital cost annuities of U0 2 spent fuel separation plants [Assumed for this study] .............. 49
Table 14: Relative capital costs for recycling various fuels............................. ..... ............... 50
Table 15: Capital costs of FFF spent fuel reprocessing plants [Assumed in this study] .......................... 50
Table 16: Spent fuel recycling prices in CAFCA II ............................................. ........ 52
Table 17: Spent fuel recycling prices estimates in the literature.....................................52
Table 18: Reactors capital cost sensitivity ranges ...................................................... 55
Table 19: Sensitivity range for reactors fixed O&M costs ................................................. 56
Table 20: Fuel cycle prices sensitivity ranges ...................................................................... ................. 57
Table 21: Lead times for fuel cycle related payments............................................. ................... 59
Table 22: Sensitivity ranges for total fabrication costs of batches in the 'low capacity' case ................. 60
Table 23: Sensitivity ranges for total fabrication costs of batches in the 'medium capacity' case .......... 60
Table 24: Sensitivity ranges for total fabrication costs of batches in the 'high capacity' case ................ 61
Table 25: Relative weight of fuel cycle costs centers for different types of fuels................................. 61
Table 26: Case study: introduction dates of advanced technologies .......................................... 68
Table 27: Case study: construction capacity of fast reactors .......................................... ..... 69
Table 28: Case study: annual possible industrial construction capacity of spent fuel recycling plants......70
Table 29: Case study: prices of spent fuel recycling ..................................................... 71
Table 30: Spent fuel recycling capacities at equilibrium based on calculations .................................... 73
Table 31: Spent fuel recycling capacities at equilibrium based on simulations......................... .... 73
Table 32: Three factor evaluation of fuel cycle options...................................... ........ 77
Table 33: Dependency of the three-factor evaluation on reactors parameters ..................................... 79
Table 34: Construction date of the first recycling plants - Base case................................. ..... 87
Table 35: Saturation periods for the construction of separation plants - Base case ................................ 87
Table 36: Saturation periods for the construction of FFF reprocessing plants - Base case..................... 88
Table 37: Spent fuel recycling capacities by 2100 - Base case ........................................ ...... 89
Table 38: Maximum interim storage requirements for spent fuel (MTTRU) - Base case..........................99
Table 39: TRU in cooling storage in 2100 (MTTRU)- Base case................................... ...... 100
Table 40: TRU in reactors cores in 2100 (MTTRU) - Base case ..................................... 100
Table 41: TRU avoided in the system in 2100 (MTTRU) - Base case.................................. ..... 101
Table 42: Highest fuel cycle costs and corresponding dates (no subsidy) - Base case......................... 107
Table 43: Highest fuel cycle costs and corresponding dates (with subsidy) - Base case ..................... 107
Table 44: Fuel cycle costs at equilibrium (no subsidy) - Base case .................................... 108
Table 45: Ranking of strategies as a function of the criterion used - Base case................................ 110
Table 46: Construction capacity of reprocessing plants - Low case.........................................................10
Table 47: Separation capacity associated with minimum FFF reprocessing plants input......................... 111
Table 48: Separation construction requirements to satisfy FFF reprocessing plants minimum input....... 111
Table 49: Maximum interim storage requirements for spent fuel (MTTRU) - Low case ....................... 112
Table 50: TRU in cooling storage in 2100 (MTTRu) - Low case ..................................... 113
Table 51: TRU in reactors cores in 2100 (MTTRU) - Low case............. ............... 113
Table 52: TRU masses avoided in 2100 (MTTRU) - Low case............................................ 113
Table 53: Construction date of the first recycling plants - Low case ....................................................... 14
Table 54: Spent fuel recycling capacities by 2100 - Low case.................................................................14
Table 55: Ranking of strategies as a function of the criterion used - Low case .................................... 115
Table 56: Construction capacity of reprocessing plants - High case ..................................... 116
Table 57: Maximum interim storage requirements for spent fuel (MTTRu) - High case ...................... 116
Table 58: TRU in cooling storage in 2100 (MTTRu) - High case................................. 117
Table 59: TRU in reactors cores in 2100 (MTTRU) - High case .................................... 117
Table 60: TRU in cooling storage in 2100 (MTTRu) - High case................................. 117
Table 61: Construction date of the first recycling plants - High case................................. 118
Table 62: Spent fuel recycling capacities by 2100 - High case ..................................... 118
Table 63: Ranking of strategies as a function of the criterion used - High case................................ 119
Table 64: The MOX fabrication industry................................. 126
Table 65: The spent fuel recycling industry .................................................. ...................................... 126
Table 66: Actors on MOX and spent fuel recycling markets ..................................... 127
Table 67: Transfers of nuclear materials modeled in CAFCA II ..................................... 129
Table 68: Introduction date of advanced technologies in Region A .................................... 137
Table 69: Construction capacity of advanced technologies in Region A................................... 137
Nomenclature
ABR Actinide Burner Reactor
Cf Californium
Cm Curium
CONFU Combined Non-Fertile and U0 2
cLWR Cycle length of Light Water Reactors
CFR Cycle length of Fast Reactors
CSLW Core size - Number of batches in a Light Water Reactor core
CSFR Core size - Number of batches in a Fast Reactor core
GFR Gas-Cooled Fast Reactor
GWe Gigawatt electric
FR Fast Reactor (GFR or ABR)
HM Heavy metals
HMoR  HM mass of a fresh Fast Reactor batch
HMFR HM mass of a spent Fast Reactor batch
hmFR HM mass of a spent Fast Reactor batch, normalized in GWe
hmL7R HM mass of a spent Light Water Reactor batch, normalized in GWe
hm f, HM mass of spent UO2 pins in a spent CONFU batch, normalized in GWe
hmONf HM mass of spent FFF pins in a spent CONFU batch, normalized in GWe
kWe Kilowatt electric
kWh Kilowatt-hour electric
LWR Light Water Reactor
ILWR Lifetime of Light Water Reactors
IFR Lifetime of Fast Reactors
MA Minor Actinides
Mills One thousandth of dollar
MT Metric ton (1000kg)
MWe Megawatt electric
MWth Megawatt thermal
Np Neptunium
O&M Operation and maintenance
PLWR (t) Installed capacity of the Light Water Reactor fleet at time t
PFR (t) Installed capacity of the Fast Reactor fleet at time t
P0  Total installed capacity at time 0
Pu Plutonium
TRU Transuranics
tru, R Mass of transuranics in a spent LWR batch, normalized in GWe
truFR Mlass of transuranics in a spent FR batch, normalized in GWetrfR transuranics in a spent GFR
trufR Mass of transuranics in a spent GFR batch, normalized in GWerf
tru cor Mass of transuranics in a spent ABR batch, normalized in GWe
tru CON Mass of transuranics in a spent CONFU batch, normalized in GWe
truf R  Mass of transuranics in a fresh FR batch, normalized in GWe
tru FR Mass of transuranics in a fresh GFR batch, normalized in GWe
truFoR  Mass of transuranics in a fresh FABR batch, normalized in GWe
truCON Mass of transuranics in a fresh CONFU batch, normalized in GWe
U Uranium
Chapter I. Introduction
Nuclear spent fuel management has been identified as one of the most difficult problems the nuclear
power industry faces. The total amount of spent fuel cumulatively generated worldwide by the beginning
of 2003 was close to 255,000 MT. By the year 2020, the time when most of the presently operated nuclear
power reactors will be close to the end of their licensed operation life time, the total quantity of spent fuel
generated will be approximately 445,000 MT. [1]
To this day, spent fuel management is a matter of national energy policy. Closed-cycle countries have
built or are in the process of acquiring recycling capabilities. In open-cycle countries, the recycling option
has been rejected and nuclear spent fuel is intended to be disposed of in geological repositories; in the
United States for instance, nuclear spent fuel is intended to go into a geologic repository at Yucca
Mountain in Nevada. Other countries have a "wait-and-see" approach, where no construction project of
either a repository or recycling facilities exists.
Spent fuel recycling was originally proposed as a way to maximize resources utilization. Today, spent
fuel recycling is more motivated by two main factors: radio-toxicity reduction of the wastes to be
disposed of and reduction of the thermal load on repositories.
Nuclear spent fuel has a very long toxic lifetime, as it remains radioactive for millions of years. Although
nuclear spent fuel discharged from nuclear power plants is mainly composed of uranium (9 5%w), its
radio-toxicity is mainly caused by the remaining 5%w. Fission products (4 %w) are responsible for most of
the toxicity during the first five hundred years after discharge from nuclear power plants. After that, the
radio-toxicity of spent fuel comes mainly from the radioactivity of transuranics elements (mostly
plutonium, neptunium, americium and curium), which account for about 1%w of the mass. Hence,
partitioning transuranic (TRU) elements from fission products and uranium in nuclear spent fuel would
reduce substantially the long-term radio-toxicity of wastes to be disposed of. Separated TRU can then be
used in so-called advanced nuclear fuels loaded in advanced reactors. We call TRU recycling the
partitioning of TRU from the nuclear spent fuel followed by its irradiation in advanced reactors.
The storage capacity of a geological repository is constrained by its thermal load, i.e. the amount of heat
generated by radioactive decay of the masses stored. Fission products are responsible for most of the
decay heat during the first hundred years after discharge while transuranics and, to a lesser extend,
uranium, are responsible for most of the decay heat after a hundred years. Separated TRU is to be
irradiated in advanced reactors then stored temporarily in interim storage, and maybe, recycled again; this
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process delays considerably the final disposal of TRU and allows for a tailored management of the
repository thermal load. Recycling of TRU could therefore enable the storage capacity of a repository to
extend for decades.
Mixed-oxide fuel made with recycled plutonium and uranium is currently the only fuel material used on
an industrial scale in nuclear power plants. This study concentrates on strategies with recycling of all
TRU elements and not plutonium only. There are three advantages for TRU recycling. First, recycled
masses of plutonium pose a greater proliferation concern than recycled masses of TRU, where Minor
Actinides (MA) provide additional proliferation resistance. [2] Second, because of their solubility, some
transuranics elements, as neptunium, could leak out of a repository and contaminate the biosphere. Third,
plutonium recycling entails that Minor Actinides (mostly neptunium, americium, curium) be disposed of,
which requires long-term assessment of repository, unlike TRU recycling.
The fuel cycle strategies considered in this study are recycling in thermal Light Water Reactors using
Combined Non-Fertile and Uranium (CONFU) assemblies, recycling of TRU in fast cores of Actinides
Burner Reactors (ABR), and recycling of TRU with UO2 in self-sustaining Gas-cooled Fast Reactors
(GFR). The strategies are described in Chapter II. Choosing one fuel cycle strategy over the others
involves trade-offs that need to be quantified. The CONFU, ABR, and GFR strategies differ from each
other in terms of TRU loading in the reactor, net TRU incineration, capacities of recycling facilities
needed, technology option availability, and flexibility. The CONFU and GFR are assumed to achieve zero
net TRU incineration, while the ABR is a net consumer of TRU. The TRU loading is greatest in GFR and
lowest in CONFU. While both CONFU and ABR require separation (of TRU from U) and reprocessing
(recycling of TRU from fertile-free fuel), the GFR is designed to, in equilibrium, recycle TRU+U after
extraction of fission products only. It can be expected that thermal recycling would be available in the
short-term, as opposed to recycling in fast reactors. Finally, thermal recycling is the most flexible when it
comes to fuel supplies as either CONFU batches or regular LWR uranium batches can be loaded; the
issue of running out of TRU fuel is therefore irrelevant for this option.
The cost of advanced nuclear fuels is mainly affected by the price of TRU partitioning from nuclear spent
fuel and the fabrication of advanced nuclear fuels.[3] Advanced nuclear fuels are more expensive than
traditional all-UO 2 Light Water Reactor fuels, and the difference of costs is not compensated by the gains
in spent fuel storage costs that go with spent fuel recycling. Minimization of partitioning prices and costs
is therefore critical to the future of spent fuel recycling programs. Besides technological progress,
economies of scale that go with increasing the nominal capacities of facilities can have an impact of
partitioning costs. However, because of the uncertainty attached to the use of advanced fuel technologies,
it may not be optimal to build large facilities but rather to build incrementally smaller modular facilities
once demand forecasts can be more accurately evaluated. This trade-off between modularity and
economies of scales needs to be quantified to choose an optimal size of recycling facilities.
A fuel cycle simulation tool, CAFCA II (Code for Advanced Fuel Cycles Assessment), written in
Matlab©, has been developed. The CAFCA II code tracks the mass distribution of TRU and U in the
system, infrastructure requirements for reactors and recycling facilities, and the cost of all operations. The
code also includes a specific model for recycling plants deployment and prices, which illustrates the
impact of economies of scale on the construction cost of recycling plants and recycling prices. In addition,
the construction schedule of recycling facilities is optimized in order to maintain their capacity factor
above a minimum target capacity factor during the lifetime of the plants. The deployment of recycling
facilities and fast reactors can also be constrained by a user-specified ability to add recycling capacity
within a given time interval. Chapter III describes the fuel cycle system and its dynamics as they are
modeled in CAFCA III and Chapter IV concentrates on the economic model, with an emphasis on the
cost structure of spent fuel recycling plants.
Chapter V of this study concentrates on optimizing the choice of a fuel cycle option and the choice of
spent fuel recycling plant capacities by analyzing the implications of these choices for the LWR-CONFU,
LWR/ABR, and LWR/GFR fuel cycle strategies; the nuclear fuel cycle is simulated in the United States
context from 2005 to 2100 for three scenarios of industrial deployment for advanced reactors and
advanced fuel cycle technologies. Three choices of spent fuel recycling capacities are explored: small
modular plants, medium-size plants, and very large plants. For each deployment scenario of advanced
technologies, optimum choices of fuel cycle option and recycling capacities are determined using a
ranking methodology based on a five-criterion approach.
- Criterion #1: minimization of maximum TRU interim storage.
- Criterion #2: achievement of equilibrium and minimization of 2100 maximum TRU interim storage.
Equilibrium is indeed considered in our study a way of measuring optimality as it minimizes the
burden due to spent fuel interim storage and re-allocates TRU in the most proliferation-resistant areas,
i.e. reactors cores and cooling storage areas, where spent fuel is still too 'hot' to be handled.
- Criterion #3: maximization of TRU incinerated by 2100. Transmutation of transuranics in advanced
reactors is a key element for reducing the radio-toxicity of the wastes to be disposed of in geological
repositories and also for reducing the thermal load on repositories. These two reductions would
increase many-fold the capacity of geological repositories.
- Criterion #4: having more time before the construction date of the first spent fuel recycling plant.
Because of the time value of money and technological progress, we are better off delaying the
investment in a capital-cost intensive recycling program.
- Criterion #5: minimizing recycling plants construction requirements. Indeed, recycling plants are
capital-intensive: an optimal fuel cycle strategy has minimal recycling needs.
- Criterion #6: minimizing the maximum fuel cycle cost and its value in 2100.
The potential of multi-lateral approaches to the nuclear fuel cycle has recently been widely
acknowledged.[4] [5] [6] Cited benefits include cost attractiveness following from economies of scale and
proliferation resistance and collaborative and more efficient nuclear waste treatment strategy. As
presented in Chapter VI, CAFCA II has been developed to illustrate and quantify these trade implications
for the back-end of the fuel cycle; CAFCA II can simulate the nuclear fuel cycle in a multi-regional
context, with possible transfers of nuclear spent fuel from one country/cluster of countries to the other. In
principle, three bi-lateral scenarios between two regions, Region A and Region B, can be simulated using
CAFCA II:
- Scenario #1 was modeled to assess the implications of the "Fuel-leasing/fuel take-back" concept.
- Scenario #2 is a scenario with "Limited Collaboration" at the back-end fuel cycle, where countries
externalize spent fuel recycling and advanced fuel fabrication in countries that have these
technologies.
- Under scenario #3 of "Full Collaboration", Region A and Region B fully collaborate at the fuel cycle
back-end: spent fuel inventories and advanced fuel cycle facilities are co-owned and co-managed.
Chapter VII of this study concentrates on optimizing the choice of (1) fuel cycle option, (2) spent fuel
recycling plant capacities, and (3) partnership scenario by analyzing the implications of these choices for
the LWR-CONFU, LWR/ABR, and LWR/GFR strategies. The nuclear fuel cycle is simulated in a two-
region context from 2005 to 2100 for each scenario of industrial deployment of advanced reactors and
advanced fuel cycle technologies are explored. Only results for the high case scenario of industrial
deployment of advanced technologies are presented because the others do not have an impact. Region A
represents the US and Region B represents Brazil, Mexico, and Indonesia.
Chapter II. Reactors and Fuels Technology Options
II.A. Light Water Reactors loaded with traditional UOX batches
In the Once-Through cycle modeled in CAFCA II, all reactors are traditional Light Water Reactors with a
60-year lifetime and the specifications given in Table 1. For Light Water Reactors and all other reactors
studied in this work, mass flows are on the basis of a 90% capacity factor.
Table 1: LWR core specifications
Core power 3,000 MWth
Net electric output 1,000 MWe
Fuel Uranium dioxide
Uranium enrichment 4.2% U 2 35
Mass of the core 77.2 MTIHM
Core power density 104.5 kWth/l
Burnup 50 MWd/kg
Number of batches 3
Refueling intervals 1.5 years
In our model, the composition of fresh fuel for each type of batch is an input to the simulation code. For
sake of simplicity, transient regimes are ignored and equilibrium fresh fuel composition is used. Light
Water Reactors are loaded with traditional all U0 2 batches, which we call LWR batches. At equilibrium,
the mass of a LWR batch is 77.2/3 = 25.73 MT, made with uranium enriched at a 4.2% level.
Fuel cycle steps leading to the fabrication of LWR batches constitute the front-end of the fuel cycle. In
this work, only the following fuel cycle steps fall under the front-end category: uranium production,
conversion, enrichment, and UO2 pins fabrication. A simplified version of the once-through cycle is
considered, where uranium ore mining and milling only satisfies uranium requirements. Uranium mill
tailings, which are by-product materials of uranium-bearing ore processing, are considered low-level
radioactive waste and are not tracked. The U308 yellowcake at 0.711% U235 is converted to UF6 and
undergoes enrichment up to the 4.2% U235 required level, with 0.2% U235 enrichment tails; this low level
of the tails' enrichment is meant to maximize the use of U235 from the ore. Enriched uranium is then used
in UO2 pins fabrication plants. Unlike for conversion and enrichment plants, 0.1% losses are associated
with pins fabrication. This waste is due to powder pressing losses, grinding losses and other steps; it is to
be sent to HLW storage. The front-end steps are illustrated in Figure 1.
X,= 4.2 Xw= 0.
Xf = 0.711%
Figure 1: Front-end of the Once-Through cycle
At equilibrium, the TRU net consumption in the whole core is -0.28 MT/GWe/yr and the U net
consumption is 1.28 MT/GWe/year. Spent LWR fuel irradiated during three cycles, i.e. 4.5 years, is
therefore composed of 23.81 MT of uranium enriched at 0.83% and 0.42 MT of TRU, of which 80%w is
plutonium. LWR batches are discharged from LWR reactors after three cycles of irradiation, except for
LWR batches in the first core and in the last core; when a reactor is decommissioned, the whole core is
discharged. In CAFCA II, we neglect the difference between the composition of spent LWR batches
irradiated during less than three cycles and that of spent LWR batches irradiated during three cycles. On
average over the 60-year lifetime of a Light Water Reactor, the relative error is indeed less than 5%.' The
same approximation will be implicitly made for all types of nuclear fuels considered in this study.
The composition of LWR spent fuel after years of cooling and storage is not what it was right after
discharge because of radioactive decays; These decays affect the two parameters of key importance for
our model: the weight percentage of TRU in spent fuel and the TRU vector quality, measured by the
SThere are two cases where the assumption of a 3-cycle irradiation does not hold: first for two out of the three
batches that are loaded in the first core (one is irradiated for one cycle only, while the other is irradiated for two
cycles) and for two out of three batches that are discharged when the reactor is decommissioned. In 60 years of a
reactor lifetime, 42 batches have been irradiated, among which only 4 have been irradiated for less than three cycles.
With the assumption that the consumption rate of U and the production rate of TRU are constant during irradiation
(this is not true in reality as the consumption rate of U decreases during the 4.5 years of irradiation and, on the other
hand, the consumption rate of TRU increases), we calculate that, over 60 years, the average composition of a LWR
batch discharged is 23.90 MT of uranium and 0.40 MT of TRU. Compared to 23.81 MT of U and 0.42 MT of TRU
in a spent LWR batch after three cycle of irradiation, the error is less than 1% for U, and less than 5% for TRU.
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weight percentage of fissile isotopes in TRU. Figure 2 shows the weight percentage of the main TRU
isotopes in UO2 spent fuel for different cooling periods after discharge from reactors.
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Figure 2: Weight percentage of TRU isotopes in LWR spent fuel
Figure 2 shows that, among these isotopes, all but Pu241 and Am2 41 account for a fixed weight percentage
in UO2 spent fuel that is independent of the cooling period. This is something expected given the half-
lives of these isotopes. On the other hand, Pu241 has a 14.4-year half-life and decays into Am 241, which has
a 432-year half-life. As CAFCA II simulates the fuel cycle over a 100-year time interval, it is then
reasonable to assume that the total TRU mass in one kilogram of U0 2 spent fuel is independent of the
cooling period after discharge, as Am 24 1 compensates for Pu2 41. Second, the quality of the TRU vector in
spent fuel is determined by the fissile content, i.e. the mass of the following fissile isotopes: Pu239 , P241,
Np237, and Am 241 . The mass fraction of these isotopes within the whole TRU vector is constant around
60% and independent of the cooling period after discharge.
As a conclusion, the 100-year time scale in CAFCA II makes it possible to ignore decays of UO2 spent
fuel and treat spent fuel inventory as homogeneous. In UO2 spent fuel inventory, the TRU weight fraction
equals the TRU weight fraction in UO2 spent fuel right after discharge. The same assumption will
implicitly be made for all other nuclear fuels considered in this study.
If the mass composition of UO 2 spent fuel does not evolve much with time, its radio-toxicity and the
decay heat it emits right after discharge make it necessary to store it in cooling pools in wet storage for at
least 6 years before it can be handled and transported away for reactor sites.
Two options exist for discharged LWR batches after 6 years of cooling in wet storage on reactors site:
being sent either to a final repository or to interim storage areas. As opposed to spent fuel in temporary
storage, spent fuel in a repository cannot be recovered. For purposes of tracking masses of uranium and
TRU in the system, no difference needs to be made among various types of interim storage areas: wet
storage on reactor site, wet storage away from reactor site, dry storage on reactor site, and dry storage
away from reactor site.
Table 2: LWR batch parameters in CAFCA II
Loaded LWR batch
UO2 pins made with U enriched to 4.2% U2 35 1 25.73 MT
Discharged LWR batch
U enriched at 0.83% U23: 23.81 MT
TRU 0.42 MT (0.34 MT of Pu)
Cooling time 6 years
II.B. Light Water Reactors loaded with UOX or CONFU batches
The LWR-CONF U scheme is an advanced fuel cycle for Light Water Reactors that have the same
specifications as traditional Light Water Reactors described above, except that CONFU batches can be
loaded in addition to LWR batches. In the same core, CONFU batches can co-exist with LWR batches,
and the whole reactor core can be constituted of CONFU batches only. Therefore, the LWR power
characteristics and fuel cycle length of Table 1 are applicable here.
Description of the CONFU cycle requires first a few definitions. The design suggested that Young Fertile
Free Fuel (FFF) pins be made with TRU obtained from U0 2 spent fuel separation. Old FFF pins are made
with TRU obtained from reprocessed FFF spent fuel. [7]
FFFn pins are made with TRU that has been irradiated n times in FFF pins; FFFo designates young FFF
pins and FFFn, for n greater than 1, are old FFF pins. We define two types of CONFU assemblies: young
CONFU assemblies made with a mix of UO2 pins and young FFF pins, and old CONFU assemblies are
made with a mix of UO2 pins and old FFF pins. CONFU batches are made with CONFU assemblies of
either type.
For the purpose of this model, we consider two types of batches: young CONFU batches made of young
CONFU assemblies only, and old CONFU batches made of old CONFU assemblies only.
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Let's consider first the case of young CONFU batches. TRU for young FFF pins fabrication comes from
U0 2-LWR spent fuel separation and UO2-CONFU spent fuel separation.
We saw earlier that U0 2-LWR spent fuel inventory can be considered homogeneous in terms of TRU
quality and TRU weight fraction; the same approximation holds for U0 2-CONFU spent fuel for the same
reasons. Furthermore, CONFU was designed so that TRU in UO2-CONFU spent fuel and TRU in UO2-
LWR spent fuel have the same fissile features. Thus, no distinction needs to be made between these two
sources of TRU. Let UO2 spent fuel be the aggregation of U0 2-CONFU spent fuel and UO2-LWR spent
fuel.
Young CONFU batches are made with 21.0 MT of U0 2 pins, where uranium is enriched at 4.2%, and
0.98 MT of TRU coming from UO2 spent fuel separation. Young CONFU batches discharged from Light
Water Reactors are constituted of spent UO2 pins and spent FFF pins. Spent UO2 pins are composed of
19.50 MT of U enriched at 0.83% and 0.29 MT of TRU; these pins need to cool for at least 6 years in
cooling pools on reactor sites before they can be handled and transported away from reactor sites. Spent
FFF pins are composed of 0.65 MT of TRU; they need also to cool for at least 6 years.
As the TRU quality degrades with the number of recycles, uranium enrichment in UO2 pins and/or the
number of FFF pins in an old CONFU batch should increase with the number of recycles. Schwageraus et
al. [7] showed that: (1) "six recycles are required to achieve an equilibrium fuel cycle length and TRU
generation and destruction balance", (2) "a majority of TRU nuclides reach their equilibrium
concentration levels in less than twenty recycles; the exceptions are Cm246, Cm248, and Cf 5s2. Because of
these isotopes, up to 10 recycles are likely to be feasible if 18 years cooling time between recycles is
adopted", and (3) "multi-recycling of TRU in the CONFU cycle reduces the relative fraction of fissile
isotopes in the TRU vector from about 60% in the initial spent UO2 to about 25% after a few recycles", as
shown in Figure 3; "an increase in the enrichment of UO2 pins from 4.2% to at least 5% is required to
compensate for the TRU isotopic degradation".
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Figure 3: TRU vector in FFF spent fuel after one recycle and at equilibrium
Equilibrium old CONFU batches are made with 21.0 MT of UO2 pins, where uranium is enriched at 5%,
and 0.98 MT of TRU coming from UO2 spent fuel separation. In CAFCA II, the composition of
equilibrium old CONFU batches discharged from reactors is the same as that of young CONFU batches
discharged from reactors. Equilibrium old FFF spent pins need to cool for 18 years because of the
spontaneous neutrons and gamma emissions due to the accumulation of Cm246, Cm 248, and Cf25 2 with
multi-recycles. In CAFCA II, discharge and loading values for old CONFU batches at equilibrium are
used as a proxy for discharge and loading values of old CONFU batches.
Tables 3 and 4 summarize CONFU batch mass parameters used in CAFCA I.
Table 3: Mass parameters for young CONFU batches in CAFCA II
Loaded young CONFU batch
UO2 pins U enriched to 4.2% U235  21.0 MT
Young FFF pins TRU from UO2 spent fuel separation 0.98 MT
Discharged young CONFU batch after three cycles of irradiation
U enriched to 0.83% U23" 19.50 MT
Spent UO2 pins TRU 0.29 MT
Cooling time 6 years
TRU 0.65 MT
Spent young FFF pins
Cooling time 6 years
Table 4: Mass parameters for old CONFU batches in CAFCA II
Loaded old CONFU batch
UO2 pins U enriched to 5% U235  21.0 MT
Old FFF pins TRU from FFF spent fuel reprocessing 0.98 MT
Discharged old CONFU batch
U enriched to 0.83% U235  19.50 MT
Spent UO2 pins TRU 0.29 MT
TRU 0.65 MT
Spent old FFF pins
Cooling time 18 years
Fuel cycle steps leading to the fabrication of UO2 pins for LWR and CONFU batches have been described
earlier. Note however that recycled uranium is made available as a by-product of UO2 spent fuel
separation. Higher enrichment of recycled uranium than natural uranium would make it very attractive as
feed to enrichment plants; this attractive feature is however counter-balanced by a higher weight fraction
of U236 than in natural uranium. The presence of U236 in recycled uranium requires about 15% additional
enrichment in U235. [8] In CAFCA, the effect of U236 is neglected. In this work, uranium recycling as a
whole will not be considered. The front-end and recycled U steps are illustrated in Figure 4.
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Figure 4: Front-end of the LWR-CONFU fuel cycle
Fuel cycle steps leading to the fabrication of FFF pins are first separation of UO2 spent fuel or
reprocessing of FFF spent fuel. TRU obtained are then sent to FFF pins fabrication plants. As for UO2
pins fabrication plants, there are 0.1%, losses attached to these processes. These wastes go to a repository.
Note also that no repository is needed for spent fuel storage in the CONFU cycle, as only losses in the
plants are destined to repository. Spent fuel recycling and FFF fabrication steps are illustrated in Figure 5.
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Figure 5: Spent fuel recycling scheme for the LWR-CONFU fuel cycle
II.C. Actinide Burner Reactors
Lead-cooled Actinide Burner Reactors are fed with fuel batches of a non-fertile metal containing only
TRU separated from UO2 spent fuel and reprocessed from ABR spent fuel. The major reactor
characteristics are given in Table 5. Actinide Burner Reactors were designed to be loaded with fertile-free
fuel composed of plutonium and minor actinides in the proportion of the TRU composition discharged
from Light Water Reactors at a burn-up of 33 GWd/MTIHM. In this work, UO2 spent fuel comes from the
irradiation of LWR batches in Light Water Reactors at a bum-up of 50 GWd/MTIHM. We ignore this
difference in this study.
Table 5: ABR core specifications
TRU for fabrication of FFF pins comes from UO2 spent fuel separation and FFF reprocessing. For the
LWR/ABR cycle, we neglect the impact of the number of recycles on the TRU quality in ABR spent fuel.
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Core power 700 MWth
Net electric output 315 MWe
Fuel material Metallic Zr-TRU // FFF pins
Mass of the core 3.2 MTIHM
Core power density 76.5 kWth/l
Number of batches 2
Refueling intervals 1.2 years
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This is equivalent to assuming that TRU from U0 2 spent fuel separation and TRU from FFF spent fuel
reprocessing (after any given number of recycles) have similar proprieties in terms of ABR fuel
requirements. Unlike for the LWR-CONFU strategy, there is therefore no need to make a difference
between different sources of TRU.
At equilibrium, an ABR batch is made of FFF pins and its total mass is 3.2/2 = 1.6 MT of TRU. The TRU
net consumption in an ABR core is 0.76 MT/GWe/year. Thus, after 2.4 years of irradiation, the mass of a
spent ABR batch is 1.31 MT of TRU; spent ABR fuel has a required cooling period of 6 years before it
can be recycled in FFF reprocessing plants. At steady state, ABR batch mass parameters are given in
Table 6.
Table 6: ABR batch mass parameters at equilibrium
Loaded ABR batch made with FFF pins
TRU 1.6 MT
Discharged ABR batch after two cycles
TRU 1.31 MT
Cooling time 6 years
Fuel cycle steps leading to the fabrication of UO 2 pins and FFF pins are the same as that illustrated earlier
for the LWR-CONFU cycle. Also, no repository is needed for spent fuel storage in the LWR/ABR cycle,
but the repository is where all the losses from various separation, reprocessing, and manufacturing will be
destined to go. Spent fuel recycling and FFF fabrication steps are illustrated in Figure 6.
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Figure 6: Spent fuel recycling scheme for the LWR/ABR fuel cycle
II.D. Gas-cooled Fast Reactors
The Gas-cooled Fast Reactor (GFR) is a self-sustaining fast reactor (conversion ratio = 1.0) initially
loaded with batches containing TRU from U0 2 spent fuel separation and GFR spent fuel separation from
fission products. The GFR characteristics are given in Table 7. [9]
Table 7: GFR core specifications
Core power 2,400 MWth
Net electric output 1,128 MWe
Fuel U-TRU carbide
Mass of the core 59.3 MTm
Core power density 100 kWth/1l
Number of batches 3
Refueling intervals 2.5 years
At equilibrium, the mass of a GFR batch is therefore 59.3/3 = 19.77 MT of heavy metals, comprised of
3.66 MT of TRU and 16.11 MT of natural or depleted uranium. As GFR is self-sustaining, i.e. its net
TRU consumption at equilibrium is 0, the mass of TRU in a spent GFR batch is the same as that in a fresh
GFR batch, i.e. 3.66 MT. As opposed to the CONFU multi-recycling schemes, where the TRU quality
degrades, the number of recycles has no impact on TRU features of GFR spent fuel; hence there is no
need to make a difference between TRU from UO2 spent fuel separation and TRU from GFR spent fuel
separation. The material flow characteristics for GFR are given in Table 8 from equilibrium cycle.
Table 8: GFR batch mass parameters at equilibrium
Loaded fresh GFR batch
Natural U or tails 16.11 MT
TRU from UO2 spent fuel separation 3.66 MT
Loaded recycled GFR batch
U+TRU from GFR spent fuel separation 17.79 MT (3.66 MT of TRU and 14.13 MT of U)
Natural U or Tails 1.98 MT
Discharged GFR batch after three cycles (7.5 years)
U 14.13 MT
TRU 3.66 MT
Cooling time 6 years
In our model, there are two types of GFR batches, which have exactly the same characteristics, except for
the sources of TRU they are fabricated with: fresh GFR batches are made with a mixture of TRU from
UO2 spent fuel separation with natural or depleted uranium; recycled GFR batches are made with the mix
of TRU+U, which are obtained from the separation of GFR spent fuel from fission products, with natural
or depleted uranium. There are 0.1%w losses attached to these processes, as well as to the fabrication of
GFR pins. These losses are intended to go to a repository. Note also that no repository is needed for spent
fuel storage in the LWR/GFR cycle, as only losses in the plants are destined to repository. Spent fuel
recycling and GFR pins fabrication steps are illustrated in Figure 7.
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Figure 7: Spent fuel recycling scheme for the LWR/GFR fuel cycle
In CAFCA II, we assume that GFR spent fuel could be separated in the same spent fuel separation plants
as the ones used for UO2 spent fuel separation, although the mass percentage of Minor Actinides in GFR
spent fuel is around 4%,, which is much higher than the 0.2%, figure for U02 spent fuel.
II.E. Loading Fast Reactors with TRU from spent FFF-CONFU reprocessing?
Mixed fuel cycles can also be modeled in CAFCA II: a fast reactor-recycling scheme, using GFR or ABR
along with LWR, is introduced (e.g. in 2040) after the CONFU thermal recycling scheme in LWR has
been in effect for 15 years. However, in CAFCA II, two recycling schemes cannot coexist: once the fast
reactor scheme is introduced, the CONFU batches are no longer fabricated and loaded into Light Water
Reactors.
The main issue that needs to be addressed when using mixed fuel cycle strategies is the inventory of FFF-
CONFU spent fuel that builds up after introduction of fast reactors and the end of the use of the CONFU
fuel cycle in Light Water Reactors. Indeed, when the first fast reactors are built, there are still CONFU
batches in reactors cores, spent CONFU fuel undergoing the cooling process, and spent FFF fuel
upstream of recycling plants. If it is not possible, then an inventory of FFF-CONFU spent fuel starts to
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build up during the first years after introduction of the fast reactor technology and it remains constant
when no CONFU batches are in reactors and there are no FFF-CONFU pins undergoing the cooling
process on reactors sites. The possibility of using TRU from CONFU spent fuel in either ABR or GFR
should be studied in the future. We expect that, if TRU from U0 2-CONFU spent fuel and TRU from FFF-
CONFU spent fuel were mixed together in the right proportions, the quality of the resulting TRU masses
may be good enough for loading into fast reactor cores.
II.F. Conclusion
CAFCA II has been written to allow simulation of any advanced reactor once its fuel cycle characteristics
have been defined. CAFCA II has been used to simulate the nuclear fuel cycle for three strategies
involving advanced reactor and fuel technologies along with traditional Light Water Reactors loaded with
UOX batches: the CONFU fuel, which can be loaded in traditional Light Water Reactors, Advanced
Burner Reactors, and Gas-cooled Fast Reactors. The characteristics of these reactor cores have been
presented along with our assumptions on the composition of fresh and spent fuel for each technology.
Finally, the required front-end steps and recycling steps were described.
Given each reactor parameters, the approximations and assumptions that were introduced in this first
chapter concern fresh fuel and spent fuel characteristics only: fresh fuel composition is assumed to be the
fresh fuel composition at equilibrium; similarly, spent fuel inventories have the corresponding average
composition and composition changes due to decays are ignored. These approximations are due to the
limited ability of our model to handle reactor physics related problems: no criticality, burn-up, or decay
calculations are carried out. With an ideally efficient reactor physics code coupled with CAFCA II, these
uncertainties would be clarified.
Chapter III. Fuel Cycle System Single-Region Model
III.A. Power growth model
The demand of nuclear energy installed capacity is a driving parameter in our model. Only installed
capacities at the starting date of the simulation and at some user-specified date in the future need to be
specified. An annual growth rate of power demand is deduced from these parameters, using an
exponential model for installed capacity. Once the annual power growth rate is calculated, the installed
capacity Pt at time t (in years) is given by Pt = P0 x (1 + r)t.
III.B. Time-step choice and "equivalent" fast reactors
For the CONFU option, Light Water Reactors only are needed; the natural choice for the time step is the
LWR cycle length. This length varies around the world from as low as 12 months to 24 months. The
median cycle length of 18 months is used. A fuel cycle simulation for one time step starts with the
discharge of spent fuel and ends with loading of fresh fuel.
In the ABR case as well as in the GFR case, the cycle length of these fast reactors (FR) differs from the
median LWR cycle length. Say that the cycle length of fast reactors is 1.2 years (such as in the ABR case).
Then a good time step should be 0.3 years, as 4 x 0.3 = 1.2 and 5 x 0.3 = 1.5. Thus, the LWRs are
discharged and loaded every four time steps and ABRs every five time steps. The main disadvantage of
this solution is that it multiplies by 5 the number of simulation steps, and therefore the code running time.
Our method is rather based on determination of the core characteristics of an "equivalent" fast reactor,
which would be as close as possible to the "real" fast reactor, and which would have a 1.5 year cycle
length. The number of batches in the core of the "equivalent" fast reactor and the "equivalent" HM
masses of batches loaded and discharged are deduced from those of the "real" fast reactor so that loading
and discharged mass streams over the lifetime of the "equivalent" reactor are as close as possible to those
of the "real" one. Our methodology is presented in Appendix A. We find that simulating the fuel cycle for
the ABR cycle with a 1.5 year time-step requires only adapting the ABR mass parameters, as shown in
Table 9.
Table 9: "Equivalent" ABR batch mass parameters in CAFCA II (for 1.5-year cycle)
Loaded "equivalent" ABR batch
TRU 1 2 MT
Discharged "equivalent" ABR batch after 2.1.5 = 3 years of irradiation
TRU 1 1.63 MT
Simulating the fuel cycle for the GFR cycle with a 1.5-year time-step requires not only adapting GFR
mass parameters but also the size of the core, as shown in Table 10. The equivalent GFR accounts for the
mass flow in and out of the reactor, but assuming 1.5-year cycle length instead of 2.5-year cycle length.
This assumes that the reactor core uses a 5-batch fuel cycle instead of a 3-batch one.
Table 10: "Equivalent" GFR batch mass parameters in CAFCA II (for 1.5-year cycle)
Loaded "equivalent" fresh GFR batch
Natural U / Tails 9.66 MT
TRU from UO2 spent fuel separation 2.20 MT
Loaded "equivalent" recycled batch
U+TRU from GFR spent fuel separation 10.76 MT (2.20 MT of TRU - 8.56 MT of U)
Natural U /Tails 1.10 MT
Discharged "equivalent" GFR batch after 5.1.5 = 7.5 years of irradiation
U 8.57 MT
TRU 2.20 MT
In the remainder of this study, we will systematically use these "equivalent" mass and core parameters
instead of actual ones.
III.C. System model for the front-end
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Figure 8: General representation of the front-end in CAFCA II
The installed capacity is a driving parameter of the entire fuel cycle system. Growth rates for installed
capacity profiles are derived from studies that forecast the need for energy and the ability to add installed
nuclear capacity by building Light Water Reactors. Among the parameters that constrain the growth of
LWR nuclear power are the capacities of getting large components manufactured and the need for
regulatory permits. Estimates of installed capacity profiles take into account these potential limitations.
For the purpose of simulating advanced cycles with CAFCA II, it is assumed that available fuel cycle
capacities at the front-end equate front-end requirements for the once-through cycle. For instance, as long
as less uranium ore is needed in advanced cycles than in the once-through cycle, uranium ore production
will not constrain the deployment of advanced technologies.
In the case of the LWR-CONFU strategy, the mass of UO2 pins is smaller in a CONFU batch than in an
LWR batch but uranium enrichment is higher.
U0 2 pins in CONFU U enriched to 5% U
235  21.0 MT
U0 2 pins in a regular LWR U enriched to 4.2% U
235  25.73 MT
Assuming 0.2% tails, enrichment requirements and uranium ore needs for these batches are:
CONFU All U0 2-LWR
Enrichment (kgSWU) 186 180
Uranium ore (tons of uranium) 197 201
The additional burden on enrichment facilities for enrichment of UO2 pins for a CONFU batch is
considered sufficiently small to be ignored in this study.
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In the case of the LWR/GFR strategy, uranium and conversion needs are highest for a GFR batch made
with TRU from UO 2 spent fuel separation than for a GFR batch using recycled U+TRU, which requires
only marginal addition of natural or depleted uranium. Because LWR and GFR do not have the same
rated power, uranium requirements for these reactors need to be divided by the ratio of the rated power of
the reactor to the number of batches in the core. Then, uranium requirements for a fresh GFR batch are
0.043 MT IMWe while they are 0.077 MT IMWe for a LWR batch. Thus, front-end requirements would
always be higher for the once-through cycle than for the GFR cycle.
For the ABR cycle, front-end uranium services are not needed; front-end requirements are always lower
than for the once-through cycle.
To summarize, requirements of front-end services are always satisfied for every option in this study. As
front-end fuel cycle steps are not constraining the introduction and deployment of advanced technologies,
there is no need to have a model for the construction of fuel cycle plants at the front-end; front-end fuel
cycle steps are considered as 'black boxes' and CAFCA II tracks mass flows of uranium only.
III.D. System model for spent fuel storage
In advanced strategies, storage is needed for spent fuel discharged from reactors, storage upstream of
recycling plants, and HLW storage, as shown in Figure 9.
Figure 9: General representation of spent fuel storage in CAFCA II
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III.D.1. Cooling pools on reactors sites
Storage space for spent fuel discharged from reactors is part of plant designs. For U0 2 spent fuel storage
upstream of separation plants, similar reasoning as in the previous section leads to the conclusion that, as
UO2 spent fuel storage requirements are lower for advanced cycles than for the Once-Through cycle, UO2
spent fuel storage capacity is not a constraining factor for the deployment of advanced strategies. We
assume accordingly that storage capacities for advanced spent fuel storage upstream of recycling plants
and process losses are not constraining factors.
In CAFCA II, masses undergoing the cooling process are blended together depending on both the number
of years since discharge and the provenance of the spent fuel, i.e. the type of pin and the type of batch.
III.D.2. Interim storage upstream of recycling plants
After the required cooling period, spent fuel masses are blended together depending on the provenance of
spent fuel only; the number of years since discharge is not taken into account, as radioactive decays are
not accounted for. For instance, UO2-LWR spent fuel that is seven years old is blended with existing
U0 2-LWR spent fuel, which is older. This approximation was justified earlier as both TRU mass
percentages and TRU quality are independent of the time spent fuel sits upstream of the recycling steps.
III.D.3. Initial spent fuel legacy
The amount of legacy U0 2-LWR spent fuel is an input to CAFCA II. Its composition is assumed to be the
composition of discharged U0 2-LWR spent fuel. In reality, the composition of the legacy U0 2-LWR
spent fuel depends on the bum-up at which Light Water Reactors were operated before the beginning of
the simulation. In the time period prior to 1990, reactors were mainly operated at a 33 GWd/MTIH burn-
up and not at a 50 GWd/MTaM bum-up. This problem is ignored in CAFCA II.
An issue that needs to be addressed is the repartition of the total legacy between spent fuel undergoing the
cooling process and spent fuel in interim storage; the distinction between these two stock piles of spent
fuel is critical because only spent fuel in interim storage can be recycled whereas spent fuel undergoing
the cooling process is too "hot" to be handled. Hence there needs to be a distinction for the initial spent
fuel legacy if spent fuel recycling is introduced less than 6 years, i.e. the required cooling period of UO2-
LWR spent fuel, after the beginning of the simulation. Fortunately, in the scenarios we will simulate, this
will never be the case; consequently, the total U0 2-LWR spent fuel legacy can be assumed to be in
interim storage and this will have no impact on the simulations.
III.E. System model for the LWR fleet
With the same reasoning as in the previous section, it can be shown that deployment of Light Water
Reactors is not constraining and these reactors will not run out of fresh uranium to be loaded with.
CAFCA II takes into account the lifetime of reactors and therefore decommissioning of reactors is also
taken into account.
The LWR fleet is modeled with a 4-D matrix, M. The coordinate for the first dimension is the time index,
hence information on the whole LWR fleet at time t1 is given by M(tl,.,.,.). The coordinate for the
second dimension is the age of the reactors in the system; hence information on Light Water Reactors that
are t2 years old at time t1 is given by M(t1 ,t 2,.,.). The third coordinate of the matrix represents reactor
cores and the fourth coordinate gives the type of batches in the core. M(t, t2,c,b) is, at time t,, the
number of batches of type b, that have undergone c cycles of irradiation, and that are in reactors that are
t2 years old.
The existing LWR fleet, with its associated decommissioning schedule, is an input to CAFCA II. It is
described using M(1,.,.,.). Let NLR (t2) be the number of Light Water Reactors that are t2 years old at
the beginning of the simulation. As we have only LWR batches in reactors because a once-through cycle
is assumed in the past, only type-1 batches, sit in LWR cores. Hence:
Vt 2, Vc e [1; 3 M(1,t2,c,l)= NL (t2).
III.F. System model for fast reactor fleet
The matrix representation of the fleet of fast reactors is the same as for the fleet of Light Water Reactors.
An important constraint on the construction of fast reactors is due to the fact that they need to be loaded
with batches that contain recycled TRU. Thus, the construction of fast reactors is constrained by the
availability of recycled materials for the first core loading.
Construction of fast reactors in CAFCA II is also constrained by the fact that a reactor would not be built
unless forecasts2 show that fuel will be available to be loaded in its core during its whole lifetime. Thus,
the possibility for fast reactors to be temporarily shut down because of the absence of recycled materials
is not a concern (if predictions on future fuel availability were accurate). This constraint on the
construction of fast reactors is an additional feature of CAFCA II over CAFCA I, in which reactors could
be temporarily idled if fuel fabrication plants ran out of input. We believe this is not acceptable because
2 Forecasts methodologies are described in section I of this chapter.
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the fixed O&M costs would remain during the temporary shut down and this potential fixed cost is likely
to repel investors.
Finally, the construction capability of fast reactors in the system can be limited. The CAFCA II user can
specify the maximum number of fast reactors that can be built at each time step. It is indeed expected that,
in reality, construction of the first fast reactors will mainly be constrained by other considerations than
availability of fuel in the future, such as licensing requirements for fast reactors and their fuels or
unexpected technical constraints.
III.G. System model for spent fuel recycling
Figure 10 summarizes the mass flows in CAFCA II that are related to spent fuel recycling.
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Figure 10: General representation of spent fuel recycling in CAFCA II
In most of the fuel cycle codes, emphasis is put on reactors only, and fuel cycle plants are modeled only
in terms of industrial processes, i.e. fuel cycle plants are modeled as black boxes, and recycling capacity
over time is user-specified. In our opinion, a systems analysis of the fuel cycle requires: (1) a more
realistic description of recycling plants and (2) a model for the deployment of recycling plants.
I
In CAFCA II, recycling plants, i.e. spent fuel separation plants and FFF reprocessing plants, are
characterized by their lifetime and their nominal capacity. Spent fuel recycling plants have a 40-year
lifetime. As default values, separation plants (for UO2 spent fuel and GFR spent fuel reprocessing) have a
capacity of 1,000 MT per year and FFF spent fuel reprocessing plants have a capacity of 50 MT per year.
0.1% losses in the recycling and manufacturing plants are assumed, as shown in Figure 10. These losses
from product streams are captured in the waste streams destined for the repository.
Second, the pace of spent fuel recycling is constrained by the capacity of the system to build recycling
plants. This capacity is measured in MT/yr per year. For instance, if the maximum construction capacity
of separation plants is 250 MT/yr and each separation plant has a capacity of 1,000 MT/yr, then only one
plant every four years can be built. If the maximum construction capacity of separation plants is 2,000
MT/yr and each separation plant has a capacity of 1,000 MT/yr, then two plants can be built every year.
Third, a minimum capacity factor of spent fuel recycling plants is introduced to limit periods of over-
capacity; indeed, a long period of over-capacity is unlikely to be accepted in reality as the capital costs
and O&M costs are high for recycling plants. Our model anticipates this and maximizes the load factor of
recycling plants by maintaining it above a user-specified floor. This constraint on recycling plants
capacity factors is an additional feature of CAFCA II over CAFCA I. Section C of Chapter IV explains
more thoroughly why we introduced this constraint.
The maximum demand for recycling services depends on two major factors: the pre-existing inventories
of recycled masses downstream of recycling plants and the maximum mass of TRU that can be loaded in
pre-existing reactors and reactors that will be built to catch up with increasing power demand.3 The
difference between the two is the current demand for recycling services. In CAFCA II, there are no
separate storage facilities of recycled masses because we wanted to maximize the proliferation resistance
of our strategies by having no separate inventories of TRU masses. Once spent fuel is recycled and cooled
to the minimum years needed, outputs of recycling facilities are to go to advanced fuel fabrication plants.
The maximum supply of TRU depends on three factors: the TRU inventories in interim storage upstream
of spent fuel recycling facilities, the pre-existing recycling capacities, and the possibility to add recycling
capacity to the system. The construction of additional recycling capacity is authorized in forecasts4
3 Recall that, for fast recycling schemes, the construction of fast reactors occurs only if forecasts show that they
would have fuel to be loaded with during their whole lifetime.
4 Forecasts methodologies are described in section I of this chapter.
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showing that new recycling facilities would operate during their whole lifetime at a capacity factor above
the minimum allowed capacity factor.
III.H. System model for advanced pins fabrication
The output of spent fuel recycling plants goes to the plants for advanced pins fabrication and to storage of
recycled uranium. The capacity of advanced pins fabrication plants is, as is the capacity of spent fuel
recycling plants, a constraining factor for the deployment of advanced technologies, such as CONFU,
ABR, or GFR. Hence, consistency would require implementing the same model with a minimum capacity
factor for advanced pins fabrication plants as the one for spent fuel recycling plants. However, as there is
total correlation between the input to advanced pins fabrication plants and the output from spent fuel
recycling plants, we assume that the mass input to advanced pins fabrication plants would be smooth
enough, thanks to the minimum capacity factor constraint, to make it unnecessary to have such a
constraint for advanced pins fabrication plants. Advanced pins fabrication plants are then treated as
"throughput boxes" in CAFCA II.
III.I. Forecasts models
Forecasts are used as a decision tool for the construction of fast reactors, which should not run out of fuel
during their whole lifetime, and for the construction of recycling facilities, which should not operate
below a given capacity factor during their lifetime.
IH.I.1. Assumptions
The following assumptions are made about the behavior of investors in both fast reactors and spent fuel
recycling plants.
- All investors use the same prediction for the growth of nuclear installed capacity. These forecasts
perfectly match the future growth of nuclear power. In other words, investors have perfect knowledge
of the future.
- All investors in a given technology (fast reactor, separation plant, or reprocessing plant) follow the
same decision process to undertake construction projects. Because their behavior is perfectly
homogeneous, investment decisions in a given technology are similar to what they would be if they
were taken collegially.
- All investors in a given technology have perfect knowledge of the behavior of investors in other
technologies. Consequently, all the actors that are involved in spent fuel recycling activities and fast
reactor construction make investment decisions in all needed construction collegially.
CAFCA II forecast model is based on perfect knowledge of the future, and total coordination of
investment decisions in spent fuel recycling activities. Under these assumptions, we are able to develop a
method that does not require forecasting the future every time a fast reactor or a recycling plant may be
built.5
In CAFCA II, TRU is loaded as quickly as possible in reactors at each time step at which constraints on
fast reactors and recycling plants are satisfied. With perfect knowledge of the future and coordination of
stakeholders, the issue is to define an optimal construction schedule of fast reactors and recycling plants,
for which all constraints on the system are satisfied.
111.1.2. Feedback algorithm
From a mathematical point of view, this is a problem of dynamic optimization under constraints. Our
solution to this problem is based on a two-step algorithm.
But first, one should note that the fuel cycle is to be simulated from T,,, until T , constraints have to
hold during the lifetime of fast reactors and recycling plants, in particular for plants that would not be
decommissioned before Td. Hence, in order to make sure all constraints are satisfied, we need to
increase Te up to T7 + 60yr, which corresponds to the decommissioning of the last fast reactors and
recycling plants that have been built between Ttrt and Ted.
Let's now consider the situation at the end of a one-step fuel cycle simulation at time t.
- Let C, = true if all existing fast reactors have been loaded with fuel. If not C1 = false and NFR is
the number of fast reactors that could not be loaded with fuel. Hence NFR fast reactors have been
built in excess in the past simulation steps.
For illustrative purposes, consider the following situation where 10 fast reactors are in excess when
simulation at time t ends, and the construction schedule in the past simulation steps is as follows (no fast
reactor was built at time step t because the construction of reactors is constrained by the availability of
advanced fuels to be loaded in the first cores; if fast reactors had been built, there would be no reactors in
excess at the end of time step t).
t-4 t-3 t-2 t-1 t
6 2 4 5 0
5A simulation with. systematic forecasts at each time step would run in O(n2), to be compared with the O(n)
complexity with a simulation without the constraints on recycling plants and fast reactors.
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Let T, be the time step when oldest "problematic" fast reactors were built and NBI for the maximum
number of fast reactors that should have been built at time T1. In this case, T, = t - 3 and NB, = 1.
N
Y,
Figure 11: Feedback algorithm for fast reactors (step 1)
- Let C2 = true if the capacity factor of the whole fleet of separation plants is higher than its target
value, if not C2 = false and Nsepar is the number of separation plants that provide excess separation
capacity.
For illustrative purposes, let's
when simulation at time t ends,
t-4
1
consider the following situation where 2 separation plants are in excess
and the construction schedule in the past simulation steps is as follows:
t-3 t-2 t-1 t
1 1 1 0
Let T2 be the time step when oldest "problematic" separation plants were built and NB2 for the maximum
number of separation plants that should have been built at time T2. In this case, T2 = t - 2 and NB2 = 0.
N
C2  true'
N
Nr > Nbuý
Y
Figure 12: Feedback algorithm for separation plants (step 1)
Let C3 = true be the capacity factor of the whole fleet of FFF spent fuel reprocessing plants is higher
than its target value, if not C3 = false and Nrepro is the number of reprocessing plants that provide
excess reprocessing capacity. The methodology is exactly the same for reprocessing plants as that for
separation plants.
Let j = 1 for advanced reactors, j = 2 for separation plants, and j = 3 for reprocessing plants. Based on
these calculations, let's consider now the algorithm described in Figure 13.
j>O
N
j=0
*
Figure 13: Feedback algorithm (step 2)
This algorithm converges towards an optimal solution that indeed maximizes TRU loading while
satisfying constraints on fast reactor fuel availability and recycling plants capacity factors. It is not useful
to come up with a proof that the algorithm converges; the optimality of the solution if the algorithm
converges is more crucial. Let's say the algorithm converges and the solution is {Na,i,(tjt)}j. For j and
to, let's introduce e, defined as follows: k~' (j,t)= 1 ifj = jo and t = to, otherwise it is equal to 0. The
solution is optimal if and only if the construction profile of advanced technologies {Nilt,j (t)+ 6 }t
triggers a feedback loop at some point. This 'checking' method was performed in CAFCA II for
numerous simulations and it always showed that the algorithm converges towards an optimal solution.
I
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III.J. Conclusion
In this chapter, we described our model for the nuclear fuel cycle system and the laws that govern its
dynamics. The main constraints on the system are the power growth model, the absence of storage of
recycled masses downstream of spent fuel recycling plants, and finally constraints on the deployment of
fast reactors and spent fuel recycling plants.
We also introduced approximations due to the choice of time step, a desire for short driven by code
running time. With a language different from Matlab© that allows faster computing, such as C+ , such an
approximation would not be necessary.
Finally, one should note that the fuel cycle steps modeled in CAFCA II belong to one of the following
two categories: (1) fuel cycle steps modeled as "black boxes" and (2) fuel cycle steps with a model for the
investment in plants construction, only for reactors and spent fuel recycling plants. These investment
decision models were mainly introduced because of economic concerns.
In addition to calculating mass flows and infrastructure requirements, CAFCA II has a module that
provides a tool for an economic analysis of the fuel cycle. The next chapter is devoted to this module.
Chapter IV. Recycling costs, prices, and cost of electricity
IV.A. Introduction
IV.A.1. Financial parameters and discount rate
The discount rate for the nuclear industry is estimated using the model of Weighted Average Cost of
Capital (WACC). The WACC depends on the capital structure (fraction of debt and equity) of each plant,
the expected return on debt and equity, and the marginal tax rate. Table 11 summarizes the financial
variables related to the calculation of the WACC in CAFCA II.
Table 11: Financial variables
r,= 2% Risk-free interest rate
rd = 5% Expected rate of return on debt
fd = 50% Fraction of debt in the capital structure
re = 12% Expected rate of return on equity
fe = 50% Fraction of equity in the project financing fe = 1- fd
r = 38% Marginal tax rate
r = 7.55% Discount rate r = (1- '). f + d re fe
Two types of project financing are modeled. If a project is privately financed, by default, it is assumed
that each plant has an even finance rate on capital structure. With 50% debt and 50% equity with
associated expected rates of return, this leads to a 7.55% discount rate calculated with WACC. If the
project is publicly funded, the discount rate equals the risk-free interest rate, i.e. 2%.
In CAFCA II, no inflation is taken into account: all the costs are expressed in 2005 dollars.
IV.A.2. Cost structure of reactors and spent fuel recycling plants
In CAFCA II, a three-fold cost structure is used for plants (a fuel cycle plant, a reactor, or a storage area):
capital costs, fixed costs and variable costs. Unlike variable costs, capital and fixed costs do not vary with
the level of output. Capital costs are costs associated with the capital or investment expenditures on land,
plant, equipment, and inventories. We assume that plants involved in the fuel cycle can be used to do only
what they were originally designed for and cannot be converted to do anything else; the opportunity cost
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of nuclear fuel cycle plants is zero. Hence capital costs are sunk costs, i.e. expenditure that have been
made and cannot be recovered. Depending on circumstances, fixed costs may include expenditures for
plant maintenance, insurance, and perhaps a minimal number of employees; fixed costs can be avoided if
the plant goes out of business. Fixed costs remain the same no matter how much output the plant produces.
Variable cost, which includes wages, salaries, and raw materials, increases as the output increases.
Fuel cycle facilities are in one of the following two categories: fuel cycle facilities modeled as "black
boxes" and fuel cycle facilities which are modeled as situation dependent, which applies only to
construction of reactors and spent fuel recycling plants. This entails that the three-fold cost structure is
meaningful for reactors and recycling plants only. For "black box" fuel cycle facilities, we would use a
structure where all the costs are captured in a "general variable" costs, which take into account capital,
fixed and variable costs. In this study, fixed costs are operation and maintenance costs and variable costs
are fuel cycle costs for reactors.
IV.A.3. Calculation of capital costs annuities6
Capital costs are comprised of construction costs and decommissioning costs. C"',ight is the overnight
construction cost of the plant, i.e. the amount of money one would have to pay for the construction of a
plant if it could be built overnight. Ton, is the construction time of the plant. Le is the amortization period
of the plant Ycon, is the constant annuity that needs to be paid during the amortization period, i.e. Le; the
constant annuity is defined so that the Net Present value of the stream of cash flows during Le equals the
onreal constructist ont (er TcO ns - 1)/(r . Tons). Regardless of how the project constructionreal construction costreal := C"over ight
is funded, decommissioning is paid for in advance in a trust fund, which yields a risk-free interest rate.
Cderi, is the overnight cost of decommissioning the plant. Tdecom is the decommissioning time of the
plant. Ydecom is the constant annuity paid during the real lifetime of the plant, L. We have:
er - 1 1 er-Le r _1) o ryTd. r.-L rYcois [-const er'cons 1 er'Le (er -l) -Li ad c decom erfT'm -l erfL (erf -1)1Y -= overnight co r -1 and Ydecom overnight rf -Tdecom erf-L
r oe - rf " decom
It should be noted that annuities related to construction costs are extremely sensitive to choices of
parameters. For two financing schemes (public and private), we calculated the "annuity factor" for
various values of amortization periods and construction times, as shown in Figure 14.
6 This section is derived from the economic analysis tool within CAFCA I. [8]
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Figure 14: Annuity factors as a function of financing structure and construction time
Figure 14 shows that one can expect the annuity factor to be between 15 and 25 percent for a privately
funded investment. It ranges between 5 and 13 percent for publicly funded projects. We will use a 20%
central figure in this study, which allows for conservative values for the plant construction times and real
interest rates.
IV.A.4. Production costs and prices
Let Fo&M be the fixed annual O&M costs, vo&M be the variable costs of producing one unit of output,
Ydecom be the annuities for decommissioning, and Yco,, be the annuities for construction. Over a time
interval At, the 'average total production cost' (ATC) is:
ATC, Ydecom + Ycons +Fo&M + VO&M CFAt K -At
CF, -K -At
where CF, is the average capacity factor of the plant during At and K is the nominal capacity of the
plant. ATC is the price a firm would charge to exactly recover its investment at each time step.
ATC can be written as the sum of two terms: the first one is related to sunk capital costs, and the second
one is the 'average economic cost" over At:
ATC =I 1 Ycons + Ydecom 1 F &M Vo
CF,-At K KCFAt
7 Capital costs are sunk costs hence they are not included in the economic cost.
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The annual 'production cost' of an output Q is C(Q)= Foam + Q. vo-a and the 'marginal production
cost' is C'(Q) =Q. V'oM+VO&Mu
In a purely competitive market, the price of the good, p, is a given for each plant in the market. Plants set
the level of output Q so that C'(Q) =p under the constraint that the marginal cost should be higher than
the average variable cost. At price p, the average economic cost resulting from the plant's production
decision is: CM (p) = Fom /C' - 1 (p) + vo (C'-' (p)). The firm makes a profit equal to p - CM (p) per
unit of good produced. This profit is used to pay for depreciation, interests, taxes; the remaining
constitutes the net earnings of the firm.
This analysis highlights the fact that the average total production cost and the price are fundamentally
different: ATC is related to the cost structure of the company while prices depend also on exterior
conditions, such as the demand profile and the market conditions (monopoly or competitive markets).
Also, one should first and foremost note that economic rationality implies that sunk capital costs are not
taken into account when making production decisions.
There is however "overwhelming evidence that firms take sunk cost and fixed cost into account in pricing
decisions." [10] Accordingly, Al-Najjar et al. suggest that a certain "amount" of sunk cost could be
allocated as relevant cost, represented in our approach by a percentage ca multiplied by the total capital
costs annuities the firm needs to pay for. The relevant cost considered in the production decision becomes
C(Q) = Fo& + Q . (v + a'(Ycons+ Ydecom) K). Assuming that variable costs per unit of output are
constant, the relevant marginal cost becomes vo&m + a -(Ycons + Ydecom) 1K.
As all firms have the same cost structures and production decision methods, each firm faces an equal
fraction of total demand Qdem, depending on the number of firms N. With such conditions, each firm
decides to produce Q = min(Qdem /N,K) and the price is p = vo&M + a (Yon + Ydecom) 1K.8
IV.B. Spent fuel recycling costs and prices
Our purpose is to find a correlation between the price of spent fuel reprocessing and the nominal capacity
of reprocessing plants. We need first to determine the cost structure of spent fuel reprocessing facilities
and then derive a unit price using our pricing model based on the parameter a. Recycling costs are mainly
construction costs and annual operating costs; startup costs, refurbishment, decommissioning, and
transportation are neglected.
8 In order to estimate a, we will fit prices with costs for U02 spent fuel separation and make the approximation that
a is the same across the whole recycling industry.
Data and analysis on costs of UO2 spent fuel separation plants reviewed in this section come from three
different studies. [11] [12] [3] The first two studies by Haire and Spencer et al. are based more on
simulated calculations for detailed cost structures of spent fuel reprocessing plants than on recent
experimental data. On the other hand, Bunn et al. reviewed the average total production cost of existing
spent fuel reprocessing plants (the BNFL THORPE and the AREVA UP-3 at La Hague).
IV.B.1. Influence of plant capacity on capital costs
Haire calculated capital cost of LWR spent fuel separation facilities as a function of yearly throughput
capacity. His calculations, which are presented in Figure 15, match experimental cost data obtained from
Exxon Nuclear Co., Allied-General Nuclear Services, E.I. DuPont de Nemours & Company and Oak
Ridge National Laboratory.
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Figure 15: Recycling plants capital cost as a function of capacity
Interestingly enough, the 60% law (capital costs are proportional to the nth power of capacity, with n equal
to 60%) does not hold over large ranges of plant nominal capacity. Indeed, "the large capital costs
required for establishing a basic reprocessing capability cause capital costs to be nearly constant for
small-capacity plant: n is less than 10%". According to Haire, "there is little economic advantage in
increasing the capacity of a plant that processes LWR spent fuel beyond 2,500 MT per year". Beyond this
capacity, economies of scale become less and less advantageous: n is around 90%, i.e. doubling capacity
nearly doubles the capital costs.
Following on Haire's work, Spencer fit capital cost data to a scaling rule in which the scaling factor, n,
was permitted to vary linearly with the plant throughput; according to Spencer: "this provided a good fit
to the data and the empirical function was consistent with [Haire's] work". Spencer then used this result
and calculated the unit capital cost as a function of plant throughput:
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"The curve shows a broad minimum in unit-installed cost between 2,000 to 8,000 MT/year. The
optimum size for a LWR spent fuel reprocessing plant is 7,000 MT/year. The unit-installed cost of
such a plant is $1040/kg (in 2002 dollars). However, the unit installed cost of a plant with a
throughput capacity of 2,000 MT/year (i.e. 2/7th of the capacity) is only - 60% higher."
"For plant sizes less than 1,000 MT/year and those greater than 10,000 MT/year, the unit-installed
costs vary remarkably with changes in plant capacity. For example, the unit-installed costs for 500-
MT/year and 2000-MT/year plants are $4,680/kg and $1,645/kg, respectively, while the capital costs
are $2.29B and $3.29B, respectively." (See Table 12)
Table 12: Theoretical capital costs of UO2 spent fuel separation plants [Haire]
Capacity Unit-installed Construction
(MT/year) cost ($/kg) cost ($b)
100 -~ 20,000 2
500 4,680 2.3
1,000 -~ 2,900 2.9
2,000 1,645 3.3
7,000 1,040 7
These theoretical data on capital costs contrast strongly with real data: the 800-MT/year BNFL THORP
facility cost around $5.9 billion (2003 dollars) to build, much less than the 800-MT/year Rokkasho-Mura
plant (also with 800 MT/yr capacity), whose capital costs are estimated to be around $20 billion. For our
purposes, we will use Haire's and Spencer's data multiplied by a factor of 2, in order to fit with the BNFL
THORP capital cost. This is shown in Table 13 along with the associated construction costs annuities,
calculated with the methodology presented above, i.e. using a 20% annuity factor.
Table 13: Capital cost annuities of UO2 spent fuel separation plants [Assumed for this study]
Haire calculated ratios of capital costs for advanced fuels recycling plants to capital costs of LWR spent
fuel capital costs. These results are presented in Table 14. The difference in costs between the processing
49
Capacity Unit-installed Construction Annuities Annuities
(MT/year) cost ($/kg) cost ($b) ($mm) ($/kgHM)
100 -~ 40,000 4 800 8,000
500 -~ 9,000 4.5 900 1,800
1,000 -~ 6,000 6 1,200 1,200
2,000 -~ 3,300 6.6 1,320 660
7,000 ~ 2,000 14 2,800 400
of LWR and FR fuels results from "differences in the physical design of the fuel assemblies and in the
amount and concentration of fissile material". The higher concentration of fissile material in FR fuels
increases the cost of processing because of the precautions necessary to prevent criticality.
Table 14: Relative capital costs for recycling various fuels
Type of fuel Factor
LWR, enriched uranium 1
LWR, plutonium-uranium 1.1
Fast Breeder Reactor, plutonium-uranium 1.5
FBR, denatured uranium in a thorium core, thorium blankets 3.2
Given the composition of GFR fuel, which is made with a mix of U and TRU (with 80% plutonium), we
assumed an average factor of 2 for relative capital costs for recycling GFR spent fuel. Given the size of a
GFR core, we will use the same range of capacities as for LWR spent fuel separation. Hence capital costs
for UO 2 spent fuel separation plants can be translated to GFR spent fuel separation plants by multiplying
by a factor of 2.
Reasonable ranges for FFF reprocessing plants sizes are between 50 MT/year and 200 MT/year. Indeed,
one needs only one 200 MT/year to reprocess FFF spent fuel for a fleet of 100 Actinide Burner Reactors.
Computer code calculations by Haire indicate that there are virtually no capital cost differences in
reprocessing LWR and other fuels at throughput rates lower than 300 MT/year. Furthermore, at these
sizes, the construction cost would be independent from the size of the plant. Table 15 provides values for
FFF spent fuel-reprocessing plants capital costs.
Table 15: Capital costs of FFF spent fuel reprocessing plants [Assumed in this study]
Capacity Unit-installed Construction Annuities Annuities
(MT/year) cost ($/kg) cost ($b) ($mm) ($/kgHM)
50 ~ 80,000 4 800 16,000
100 -~ 40,000 4 800 8,000
200 ~ 20,000 4 800 4,000
Annual operating costsIV.B.2.
Before THORP began operating, BNFL forecasted that annual operating costs would amount to some
$560 million per year (2003 dollars) to operate, i.e. approximately $700/kgHM. [13] This figure is
consistent with the $600-900/kgM reported prices of UO2 spent fuel reprocessing in the context of
competition between BNFL and Areva with amortized capital costs. [3] Indeed, in these conditions, prices
basically reflect operating costs of plants plus a certain profit margin.
According to Haire, annual operating costs for a 1,500 MT/year LWR separation plant depend on labor
for 23%, consumables (product and waste containers and chemicals used directly in the process) for 9%,
utilities for 13%, equipment replacement for 13%, and mainly taxes for 42%. For sake of simplicity, we
will assume that this $700/kgHM figure is independent of the plant throughput.
For GFR reactors :fuels, $1,400/kgHM annual operating costs are assumed, using the same factor '2' as for
capital costs. For Fertile Free Fuel, the factor should be much higher as its fissile weight content is much
higher than for GFR; we will use a factor of 5 and compare our results with other estimates for FFF spent
fuel reprocessing.
IV.B.3. Spent fuel recycling prices
Remember that p = VO + a (Y,,,, + Ydeco,,)/K . Historically, European utilities faced government
requirements to reprocess and had no other choice; because two or three companies dominated the market
of spent fuel recycling, the recycling industry was able to price its recycling services at its average total
cost of production plus a mark-up during capital amortization periods. Therefore, only post-amortization
contracts are meaningful to calculate the parameter a.
According to Bunn et al., "early post-baseload contracts, no longer including payback of capital costs,
were reportedly concluded in 1989-1990 at prices in the range of $1000-$1500/kgHM (2003 dollars)."
Using the central $1250/kgM for a standard 800 MT per year facility, ca can be estimated to be around
50%. Assuming that ca equals 50% regardless of plants capacities and technologies, recycling prices can
be calculated, as shown in Table 16.
Table 16: Spent fuel recycling prices in CAFCA II
UO2 spent fuel separation GFR spent fuel separation FFF spent fuel reprocessing
Capacity Price Capacity Price Capacity Price
(MT/year) ($/kgHM) (MT/year) ($/kgHM) (MT/year) ($/kgHM)
100 4,700 100 9,400 50 11,500
500 1,600 500 3,200 100 7,500
1,000 1,300 1,000 2,600 200 5,500
2,000 1,030 2,000 2,060
7,000 920 7,000 1,840
Fortunately, our price estimates are consistent with estimated prices of spent fuel recycling in other
studies, as can be seen in Table 17.
Table 17: Spent fuel recycling prices estimates in the literature
Lower Central Higher
UO2 separation9 [$/kgHM] 500 1000 2,000
FFF reprocessing'o [$/kgHM] 5,000 7,000 12,000
GFR fuel reprocessing" [$/kgHM] 1,000 2,000 4,500
IV.C. Minimum allowed capacity factor for recycling plants
Spent fuel recycling prices were derived from a simplified pricing model that takes into account both
annual operating costs and capital costs; thanks to a model of economies of scale for the construction of
spent fuel recycling plants, spent fuel recycling prices have been determined for various nominal
capacities of spent fuel recycling facilities. Given these economies of scale, why build small modular
facilities incrementally when a single large one with the same total throughput has much lower production
costs?
9 This is the sensitivity used by Bunn et al. [3]
10 This is the sensitivity range for HTGR-TRU spent fuel reprocessing provided in NEA [14]. Given the similarities
with FFF spent fuel reprocessing, this is thought to be a reasonable sensitivity range.
1 For GFR spent fuel reprocessing, we used the sensitivity range for the price of MOX spent fuel reprocessing. [14]
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Consider the following two strategies: under strategy #1, one 3,000 MT/year recycling facility is to be
built a t = 1, and, under strategy #2, one 1,000 MT/year recycling facility is to be built at t = 1 and
management has the option to add 1,000 MT/year in t =2 and t = 3.
The flexibility of strategy #2 adds value in two ways. First, because of the time value of money, managers
are better off paying the investment cost later rather than sooner. Second, the value of the project, i.e.
building a 1,000 MT/year module, can change before the option expires; if the value goes up, we are
better off, and, if the value goes down, we are no worse off because investment in the project is not
compulsory. On the other hand, strategy #2 with its delayed construction schedule does not capture a
market boom between t = 0 and t = 2 as strategy #1 does. We conclude that strategy #2 is less risky than
strategy #1; the price for this reduced exposure to risk is foregone opportunities in case of a market boom
before t = 2.
This reasoning requires a methodology to determine the "value of the project", where the project is the
construction of a recycling plant. Besides the endogenous impact of its cost structure, the value of a
recycling plant is affected by two exogenous parameters: forecasts of future prices and forecasts of
demand.
First, in CAFCA II, as described above, prices are given and are known with certainty; the impact of
prices on the value of the recycling plant can therefore be ignored. Second, as all recycling firms are
assumed to have the same cost structures and production decision methods, each company faces an equal
fraction of total demand Qdem, depending on the number of plants N; under these conditions, each
recycling plant annually produces Q = min(Qdem /N,K) = CF -K, where CF is its capacity factor and K its
nominal capacity. This one-to-one relationship between total demand and capacity factor of the whole
fleet of recycling plants justifies considering forecasts of capacity factors averaged out over the industry,
instead of demand forecasts as a relevant parameter for valuing the construction project of a recycling
plant.
Hence, the project value is totally determined by the expected profile of capacity factors:
V = V(CFJ,CF2,...,1CF,), where the function V remains to be calculated. Obviously, V is a monotonous
increasing function of all coordinates, as is consequently V(x) = V(x,x,...,x). If the plant yearly input is
zero during the plant lifetime, the value of the project is obviously lower than 0: the project should not be
undertaken. This translates into V(0) < 0. If the plant operates at 100% during its whole lifetime, then the
value of the project is obviously higher than 0, if not, it is an intrinsically bad project; this possibility is
ignored. Hence necessarily, we have V(100%)> 0. As V is monotonous and increasing, under the
assumption that V:is continuous, there is therefore a value CFmin for which V(CFmin)= 0.
CFmin is used in CAFCA II as a metric for evaluating if the project should be undertaken: if the capacity
factor of the plant is forecasted to go below CFmi, at any given time, the option to build a recycling plant
should not be exercised. Note that the condition under which the option is exercised in CAFCA II is
stronger than the condition V(CF~,CF2,...,CFN) >0, for which a high capacity factor at one point can
compensate for a low one. For sake of simplicity, we chose however to evaluate a project using the single
parameter CFmi, rather than a function V for which a more elaborate model should have been used.
For illustrative purposes, say CFmi, = 60% for all actors in the recycling industry, consider strategies #1
and #2 described above and three profiles of demand: an increasing one, a decreasing one, and a constant
one; assume that the lifetime of the plants is 6 time steps 12 and 1,000 MT/year can be added to the system
at each time step (one small plant per time step and one large plant every three time steps). Then, the
following table shows optimal construction schedules of recycling plants, with the average capacity factor
of the fleet at each time step.
Time step 1 2 3 4 5 6
Demand A 3,000 3,500 4,000 4,000 4,500 5,000
Strategy #1 3,000 (100%) 3,000 (100%) 3,000 (100%) 3,000 (100%) 6,000 (75%) 6,000 (83%)
Strategy #2 1,000 (100%) 2,000 (100%) 3,000 (100%) 4,000 (100%) 5,000 (90%) 6,000 (83%)
Demand B 5,000 4,500 3,500 3,000 2,000 1,500
Strategy #1 0 0 0 0 0 0
Strategy #2 1,000 (100%) 2,000 (100%) 2,000 (100%) 2,000 (100%) 2,000 (100%) 2,000 (75%)
Demand C 2,500 2,500 2,500 2,500 2,500 2,500
Strategy #1 3,000 (83%) 3,000 (83%) 3,000 (83%) 3,000 (83%) 3,000 (83%) 3,000 (83%)
Strategy #2 1,000(100%) 2,000 (100%) 3,000 (83%) 4,000(63%) 4,000 (63%) 4,000 (63%)
The first scenario illustrates the trade-off between "flexibility" and "foregone opportunities in case of a
market boom": at each time step, strategy #1 with the largest plants has higher total recycling capacity
than strategy #2 with small modular plants.
The second scenario illustrates the trade-off between "large facilities" and "largest risk exposure to a
market downturn". In our model, actors' forecasts are perfect; hence large plants are never built because,
in t = 6, the capacity factor of a 3,000 MT/year plant would be 50%.
The third scenario illustrates the greatest efficiency of strategy #2 over strategy #1 under a scenario of
constant demand (when it is high enough); under strategy #1, the construction of a 3,000 MT/year
12 Information from t = 7 to t = 12 is necessary in theory to perform this analysis. Assume that the demand becomes
infinite after t = 7, which guarantees that plants built between t = 1 and t = 6 face a large enough demand.
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separation facility is triggered only if it faces a minimum demand for 1,800 MT per year, while, under
strategy #2, the construction of a 1,000 MT/year facility is triggered only if it faces a minimum demand
for 600 MT per year.
With the constraint of capacity factors, these three scenarios show that strategy #2 with modular plants is
more efficient that: strategy #1 with larger plants except under a scenario of highly increasing demand: the
construction schedule of recycling facilities reflects the higher risk attached to building large facilities.
This propriety of the constraint on a minimum allowed capacity factor is satisfactory but the value of the
minimum capacity factor remains to be determined.
A parametric approach is used for the value of CFmin. By default, the value of the minimum capacity
factor is 60%. Note that the outcome of a CAFCA II simulation with CFmin, = 100% represents a case
where supply never satisfies the maximum demand. A simulation with CFmin = 100% defines an optimal
"minimum" construction schedule for spent fuel recycling plants.
IV.D. Average total production cost of electricity
IV.D.1. Capital costs
Bunn et al. [3] provide a sensitivity range for the overnight capital costs of Light Water Reactors, with a
lower value at $1500/kWe, a central value at $1700/kWe, and a higher value at $2100/kWe. Crette [15]
forecasts a 30% difference of capital costs of fast reactors, while, according to Savenkov [16], this is in
fact a 40% difference. Given the values for Light Water Reactors, a lower value for capital cost of fast
reactors is $2100/kWe and a higher value is $3000/kWe. For decommissioning costs, Boscher et al. [8]
use $200/kWe as lower value, $350/kWe as nominal value, and $500/kWe as higher value, regardless of
the type of reactors. We will also use this assumption in this study. Reactors capital cost sensitivity ranges
are presented in Table 18.
Table 18: Reactors capital cost sensitivity ranges
Variables ($/kWe) Lower Nominal Higher
LWR construction cost 1,500 1,700 2,100
Fast Reactor construction cost 2,100 2,500 3,000
Decommissioning cost 200 350 500
In this study, reactors amortization period is 20 years and their real lifetime is 60 years; construction time
is assumed to be five years. Decommissioning time is ten years.13
IV.D.2. Fixed O&M costs
Taxes have no impact on fixed O&M cost as they are immediately expensed and deducted from the
revenues to calculate the taxes on the net income; therefore, the revenue required to cover the O&M costs
is exactly the cost of O&M. [8] Plant operators pay fixed O&M costs at the beginning of cycle, at the
same time as yearly payments for construction and decommissioning. The range of values in this study is
given in Table 19.
Table 19: Sensitivity range for reactors fixed O&M costs
Variables ($/kWe) Lower Nominal Higher
Reactor O&M cost 50 70 90
IV.D.3. Fuel cycle cost
For each fuel cycle step, the associated fuel cycle cost is divided in three parts. The first part is the direct
cost of each step, i.e. price times the treated mass. The second part takes into account the time difference
between various steps and adjusts the previous cost with the carrying charges and the time At between
the expenditure and the midpoint of irradiation where the money is supposed to be collected. The third
part corresponds to any government subsidy s, received when the money from the electricity sale is
collected. Summing for all fuel cycle steps, the total variable O&M cost is:
&M =(1- r).f -ed ' +d fe, (er - r)
VoM EMi " Pi "- s i -
Mass parameters are taken from simulations. Prices are input to the model, such as finance parameters
and lead-time. Subsidy mechanisms and calculations will be covered in the next section.
13 There is almost no difference between overnight decommissioning cost and real decommissioning cost because
the risk-free interest rate is small, 2%. The influence of the decommissioning time is therefore very limited.
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IV.D.3.a. Fuel cycle prices
Unit costs are taken within the range given in Table 20.
Table 20: Fuel cycle prices sensitivity ranges
Lower Central Higher
Ore purchase [$/kgHM] 30 50 80
Conversion [$/kgHM] 5 10 15
Enrichment [$/kgswu] 70 100 150
U) 2 fabrication 14 [$/kgHM] 150 250 350
FFF fabrication' [$/kgHM] 5,000 11,000 15,000
GFR fuel fabrication" [$/kgHM] 800 1,500 2,000
Spent fuel temporary storage [$/kgHM] 100 200 300
Fee for spent fuel removal [mill/kWh] 0.5 1 1.5
IV.D.3.b. Lead times
The lead-time is the time between investment in a given process and the midpoint of irradiation of the fuel
resulting from this process where the money from the electricity sale is effectively collected.
For Light Water Reactors, the fuel remains in the reactor 4.5 years. For fast reactors, we need to use the
irradiation period of the "equivalent" reactor, which has a 1.5 cycle length, and not the actual irradiation
period; the fuel remains 3 years in the core of the equivalent ABR and 7.5 years in the core of the
equivalent GFR.' 7 The second step is to determine when fuel cycle services are paid for. For front-end
steps, services are paid for before fuel is loaded into reactors. The following table provides the time
interval between the time of investment and the fuel loading.
Uranium ore purchase 2 years
Uranium ore conversion 2 years
Uranium enrichment 1 year
UO2 pins fabrication 0.5 years
Users of recycled materials, who also benefit from the government subsidy, pay also for spent fuel
recycling ahead of time. Therefore, lead times of spent fuel recycling and advanced pins fabrication are
positive, and are estimated as given in the following table.
14 This is the sensitivity range used by Bunn et al. [3]
is FFF fuel is not manufactured. Given its similarities in terms of difficulty of manufacturing with ADS-TRU fuel,
we assumed that ADS-TRU sensitivity ranges would provide a reasonable sensitivity range for FFF fuel fabrication.
[14]
16 For GFR fuel fabrication, sensitivity ranges for MOX fabrication are assumed to provide reasonable estimates. [3]
17 For these estimates, batches in the first core and the last core, which are not fully irradiated, were neglected.
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UO2 spent fuel separation 2.5 years
FFF spent fuel separation 3 years
GFR pins separation 2.5 years
FFF pins fabrication 1.5 years
GFR pins fabrication 1.5 years
After discharge, nuclear spent fuel is stored in pools on reactors sites. Construction of pools is paid for as
part of the total construction costs. The cost of managing cooling pools is part of the fixed O&M costs.
Hence the fuel cycle cost of spent fuel storage in pools is zero.
Utilities pay for dry spent fuel storage once wet storage capacity is exhausted. In the Once-Through case,
spent fuel is sent to repository (paid for with the 1 mill/kWh fee). In closed cycle cases, there is no
repository for spent fuel (only for wastes) and after the required cooling period, nuclear spent fuel is to go
to interim storage (wet storage on reactor site, wet storage away from reactor site, or storage in dry casks).
In our model, we assume that, after the required cooling period, spent fuel is sent away from reactors and
interim storage, upstream of spent fuel reprocessing plants, has to be paid for. For every type of fuel, we
use the required cooling period minus 1 year in every case for the time interval between fuel discharge
and the time of investment in dry storage.
UO2 spent fuel 5 years
Young FFF-CONFU spent fuel 5 years
Old FFF-CONFU spent fuel 17 years
ABR spent fuel 5 years
GFR spent fuel 5 years
Finally, we obtain the lead times, as shown in Table 21.
Table 21: Lead times for fuel cycle related payments
LWR fuel
Uranium ore purchase 4.5/2 + 2 = 4.25
Conversion 4.5/2 + 2 = 4.25
Enrichment 4.5/2 + 1 = 3.25
UO2 pins fabrication 4.5/2 + 0.5 = 2.75
UO2 sf interim storage - 4.5/2 - 5 = - 7.25
CONFU fuel
U0 2 spent fuel separation 4.5/2 + 2.5 = 4.75
FFF spent fuel reprocessing 4.5/2 + 3 = 5.25
FFF pins fabrication 4.5/2 + 1.5 = 3.75
Young FFF-CONFU sf interim storage - 4.5/2 - 5 = -7.25
Old FFF-CONFU sf interim storage - 4.5/2 -17= - 19.25
ABR fuel
UO2 spent fuel separation 3/2 + 2.5 = 4
FFF spent fuel reprocessing 3/2 + 3 = 4.5
FFF pins fabrication 3/2 + 1.5 = 3
ABR sf interim storage - 3/2 - 5 = - 6.5
GFR fuel
Uranium ore purchase 7.5/2 + 2 = 5.75
UO2 spent fuel separation 7.5/2 + 2.5 = 6.25
GFR spent fuel separation 7.5/2 + 3 = 6.75
GFR pins fabrication 7.5/2 + 1.5 = 5.25
GFR sf interim storage - 7.5/2 - 5 = - 8.75
IV.E. Unit prices of batches
We are now able to calculate sensitivity ranges for the total fabrication cost of fuel batches, based on
CAFCA II mass parameters. Theses costs are quoted in mills/kWh:'" prices calculated for each batch are
the total fuel fabrication costs for a fleet of reactors loaded this type of batch only. The total fuel cycle
cost is therefore the weighted average of these costs, where weights are the proportion of batches of each
type loaded at each step, to which one should add storage costs and subtract subsidies.
For other cost than spent fuel costs, prices are calculated based on sensitivity ranges from section IV.C. 1.
Using lower, central, or higher values for all these cost centers, we calculated the total fabrication cost for
each type of batch for different capacity choices for spent fuel recycling plants. Results are presented in
Tables 22 to 24.
The 'low capacity' case corresponds to separation facilities with a 1,000 MT/year capacity and FFF
reprocessing facilities with a 50 MT/year capacity. The 'medium capacity' case corresponds to separation
facilities with a 2,000 MT/year capacity and FFF spent fuel reprocessing facilities with a 100 MT/year
capacity. The 'high capacity' case corresponds to separation facilities with a 7,000 MT/year capacity and
FFF spent fuel reprocessing facilities with a 200 MT/year capacity.
Table 22: Sensitivity ranges for total fabrication costs of batches in the 'low capacity' case
Young Old Young Old Young Old
Mills/kWh LWR CONFU CONFU ABR 19  ABR GFR GFR
Low 3.0 15.1 5.4 72.0 14.4 26.4 5.5
Central 4.7 17.5 7.8 76.6 19.0 27.5 6.6
High 7.1 20.4 10.7 79.7 22.0 28.3 7.4
Table 23: Sensitivity ranges for total fabrication costs of batches in the 'medium capacity' case
Young Old Young Old Young Old
Mills/kWh LWR CONFU CONFU ABR ABR GFR GFR
Low 3.0 12.7 4.8 57.8 10.7 21.2 4.6
Central 4.7 14.1 7.2 62.5 15.3 22.3 5.7
High 7.1 18.0 10.1 65.5 18.4 23.1 6.5
is A 90% capacity factor is assumed.
19 We needed to make a difference between young fast reactor (FR) batches and old FR batches; indeed the cost of
fabrication depends on the recycling process used to obtain transuranics: young FR batches are fabricated with TRU
from U02 spent fuel separation only while old FR batch are fabricated with TRU from FR spent fuel reprocessing.
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Table 24: Sensitivity ranges for total fabrication costs of batches in the 'high capacity' case
Young Old Young Old Young Old
Mills/kWh LWR CONFU CONFU ABR ABR GFR GFR
Low :3.0 11.7 4.5 52.1 8.9 19.1 4.3
Central 4.7 14.1 6.9 56.7 13.5 20.2 5.3
High 7.1 17.0 9.7 59.8 16.5 21.0 6.1
These sensitivity ranges show that the first recycle is the most expensive, where TRU for advanced fuels
are obtained from U0 2 spent fuel separation. Table 25 illustrates the breakdown of total fabrication costs
for each type of batch; it shows how sensitive prices of young advanced batches are to the price of
separation. The price of old advanced batches is less strongly impacted by the price of advanced spent
fuel recycling. As young batches are the most expensive, we anticipate therefore that UO2 spent fuel
separation price is the main cost center in the fuel cycle costs, and for which a price decrease would have
the greatest impact on fuel cycle costs.
Table 25: Relative weight of fuel cycle costs centers for different types of fuels
LWR Young Old Young Old Young Old
CONFU CONFU ABR ABR GFR GFR
U ore 30% 9% 19% 0% 0% 0% 0%
Conversion 6% 2% 4% 0% 0% 0% 0%
Enrichment 49% 15% 33% 0% 0% 0% 0%
UO2 pins 15% 4% 8% 0% 0% 0% 0%
fabrication
Adv. pins Adv. pins 0% 8% 17% 12% 50% 10% 37%
fabrication
UO2 sf. 0% 62% 0% 88% 0% 90% 0%
Separation
Adv. sf.
0% 0% 18% 0% 50% 0% 63%
recycling
IV.F. Subsidy mechanism for spent fuel recycling
Expenses for the fuel cycle steps leading to the fabrication of fuel are paid before the fuel undergoes
irradiation; for these steps, At > 0. Expenses for spent fuel storage steps are paid after the fuel has been
irradiated; for these steps, At < 0.
For spent fuel recycling steps, this is more complicated. Different views exist regarding that matter:
- "Reprocessing, as enrichment, provides raw material input for pins fabrication plant. In this view,
reprocessing is a front-end fuel cycle step. [...] As a consequence, the costs of reprocessing and
separation operations are assumed to be paid with the revenues generated by the electricity produced
from the recycled materials and sold in the future. Money needs to be borrowed ahead of generating
the revenue and so the time value of money increases the cost of the recycle operations." [3] This is
the energy-based approach.
- "Reprocessing, as repository, is a way of handling spent fuel. In this view, reprocessing is a back-end
fuel cycle step. One considers fuel reprocessing as a waste management policy. In that case, their
costs are to be paid by the electricity that produced the wastes. The money is thus collected before the
conduct of operations and has time to build interest." [3] This is the waste-based approach.
As the closed fuel cycle results chronologically as a technological evolution of an open fuel cycle, we
thought that the accounting scheme of a closed fuel cycle should be consistent with the accounting
scheme of the once-through cycle. [17]
In a once-through cycle, operators pay for front-end fuel cycle steps (mining, conversion, enrichment, and
U0 2 pins fabrication) and spent fuel storage (after 6 year cooling time, final repository or temporary
storage). If the way of calculating the front-end fuel cycle steps is undisputable, one can argue about the
fuel cycle cost of repository that it is not realistic to calculate the cost of repository by using a unit cost
[$/MT], at least in the case of the US. Indeed, in the US, reactors operators pay a fee of 1 mill/kWh in
order to pay for the final disposal of spent fuel. One could also consider that reactors operators pay a fee
of 1 mill/kWh to have their stocks of spent fuel taken care of, after the wet storage space on reactors sites
is exhausted. Indeed, what matters to an LWR operator is not what will be done with the cold spent fuel
but rather that there is no accumulation of cold spent fuel on reactors site so that cooling storage is
available for discharged spent fuel.
If we choose to use the 1 mill/kWh to calculate the fuel cycle cost of repository rather that the unit cost
[$/MT], LWR operators pay for front-end fuel cycle steps and removal of cold spent fuel, which is
charged 1 mill/kWh. The money paid for spent fuel removal is collected by the government and invested
in government bonds, at a risk-free interest rate. This is to be used for paying the repository service.
Let's suppose that we switch to a closed fuel cycle. First, the cost structure of a regular LWR with three
LWR batches remains the same. We can use this to deduce the cost structure of an advanced reactor:
- First, front-end steps are calculated as usual.
- Second, removal of spent fuel is paid for by wastes generators at a 1 mill/kWh fee; the money is
collected by government and invested at a risk-free rate; resulting money is then used to subsidize
spent fuel recycling services. 20 Whereas the 1 mill/kWh fee corresponds exactly to the cost of
repository service, it cannot be enough to pay for the entire recycling cost. Funds are needed to pay
for the remainder.
- In this scheme, an advanced reactor, which aim to the use the recycled material as feedstock, must
pay for the portion of the reprocessing that is not covered by the 1 mill/kWh fee. In practice, users of
advanced technologies would pay for reprocessing and would receive a subsidy from government.
* Pays for interim storage of Mo of spent
fuel for T years using part of the 1 mill
* x mills remains that are invested in the
trust fund at 2%.
* Xmills is the future value of x in T
years
:1
* Pays 1 mill for the removal of Mo of * Needs to recycle M, of spent fuel
spent fiuel in Tcooling years * Pays for spent fuel recycling
* Mo is the mass of spent fuel that comes * Receives X x M1/Mo of government subsidy
from the generation of 1 kWh
Figure 16: Mechanism of subsidy for spent fuel recycling
In our mind, the reasons for such sharing of spent fuel recycling costs in the US are numerous. The 1
mill/kWh is still being paid, regardless of the possibility of closing the fuel cycle one day, or of having a
repository built. Indeed, there is nothing in the legislation that regulates the 1 mill/kWh to be used
specifically for Yucca Mountain alone.
Second, in regards to the CAFCA II model itself, the cost structure of an LWR does not change when the
once-through cycle becomes a closed fuel cycle. This is not the case with the "energy-based" and the
"waste-based" accounting scheme:
- In the "energy-based" accounting scheme, LWR operators do not pay the 1 mill/kWh fee, as soon as
the first reprocessing plant is built. From the point of view of LWR operators, closing the fuel cycle
20 In order to be consistent with the 1 mill/kWh for LWR loaded with UOX batches, we should use the value that
corresponds to the cost of repository for fuel discharged from advanced reactors. The cost of repository depends
basically on the volume of masses sent to repository and the heat of these materials. For the sake of simplicity, we
will use the 1 mill/kWh value.
entails getting a 1 mill/kWh rebate, which amounts to a 15% reduction of the fuel cycle cost for a
LWR. This is an incentive for building LWR and not advanced reactors.
- In the "waste-based" accounting scheme, LWR operators pay for UO2 spent fuel reprocessing:
switching to a closed fuel cycle makes them worse off than in the once-through case because
reprocessing is far more expensive than disposal in repository.
Third, we think both energy-based and wastes-based schemes create disincentives for either LWR or fast
reactors.
- As LWR is the mainstream technology, even in a closed fuel cycle, there should be no disincentives
for the LWR industry to step out the nuclear market when spent fuel starts being recycled and used in
advanced reactors. It seems indeed unfair that the waste-based perspective should impose such a steep
penalty on LWR operators.
- In the "energy-based" accounting scheme, there are incentives for building LWR because of the 1
mill/kWh rebate, rather than building advanced reactors, that are much more expensive because they
are responsible for paying for reprocessing.
IV.G. Conclusion
The module for the economic analysis of the fuel cycle embedded in CAFCA II makes it possible to
calculate the average total production cost of electricity, split into capital costs, fixed O&M costs, and
fuel cycle costs. In addition to discussing sensitivity ranges for the different cost centers, we tried to link
the capacity of spent fuel recycling plants with recycling prices, based on models for economies of scale
for capital costs and annual operating costs. Our results for spent fuel recycling prices as a function of
plants nominal capacities are presented in Table 16. They illustrate the trade-off between modularity and
production costs.
Chapter V. Optimizing Recycling Strategies in the US Context
V.A. Introduction
Partitioning and transmutation of transuranics would make it possible to increase the capacity of
geological repository may-fold but (1) closed cycles are more expensive than the Once-Through cycle and
(2) the deployment of spent fuel recycling facilities and fast reactors is constrained by large barriers to
entry, such as capital costs, licensing processes, and safety requirements. These constraints make it
necessary to optimize fuel cycle strategies with the target of maximizing the reduction of TRU inventories,
while minimizing fuel cycle costs and the deployment of spent fuel recycling facilities and fast reactors.
In this chapter, elements of choice for optimization of fuel cycle strategies are the choice of closed cycle
strategy and the choice of spent fuel recycling plants nominal capacity, in order to take advantage of
economies of scale that go with increasing nominal capacity.
Three fuel cycle strategies are explored in this case study: recycling in thermal Light Water Reactors
using CONFU technology, recycling of TRU in fertile-free cores of Actinides Burner Reactors, and
recycling of TRU with UO2 in self-sustaining Gas-cooled Fast Reactors. The nuclear fuel cycle is
simulated for these strategies in the US context and over the 2 1st century.
First, we introduce a three-factor methodology, based on reactors cores specs, that allows evaluating fuel
cycle options when there are no system constraints on the deployment of advanced technologies. These
three factors are:
- (F1): The equilibrium proportion of power produced by advanced fuel batches in the system. We
define equilibrium as the situation where masses of spent fuel that go out of cooling storage after their
required cooling time are immediately used in recycling plants instead of being stored first in interim
storage upstream of spent fuel recycling facilities.
- (F2): The spent fuel recycling needs at equilibrium, measured in MT per year per GWe.
- (F3): The instantaneous marginal proportion of power by advanced fuel batches, which needs to be
introduced in the system at each time step, in order to have TRU inventories in interim storage
decrease.
An optimal fuel cycle strategy would minimize simultaneously these three factors to limit the capital-
intensity of the fuel cycle strategy in fast reactors and spent fuel recycling plants.
Unlike the three-factor evaluation, CAFCA II allows assessing how system constraints on the deployment
of advanced technologies impact the transient phase before equilibrium. In CAFCA II, these constraints
are (1) the introduction date of advanced technologies, (2) the possible industrial construction capacity of
advanced reactors and recycling plants, and (3) the choice of recycling nominal capacities. In this study,
the CONFU technology is introduced in 2015, and ABR and GFR technologies are introduced in 2040.
For each scenario of possible industrial construction capacity of advanced reactors and recycling plants,
the implications of the choices of fuel cycle option and recycling plants capacities are quantified in terms
on infrastructure implications for advanced reactors and spent fuel recycling plants, HM and TRU balance,
and fuel cycle costs and average total production cost of electricity. Optimum choices of fuel cycle option
and recycling capacities are then determined using a ranking methodology based on a six-criterion
approach.
- Criterion #1: minimization of maximum inventory of TRU in interim storage.
- Criterion #2: achievement of equilibrium and minimization of 2100 TRU inventory in interim storage.
Equilibrium is indeed considered in our study a way of measuring optimality as it minimizes the
burden due to spent fuel interim storage and re-allocates TRU in the most proliferation-resistant areas,
i.e. reactors cores and cooling storage areas, where spent fuel is still too 'hot' to be handled.
- Criterion #3: maximization of cumulative TRU incinerated by 2100.
- Criterion #4: minimizing the need for early recycling by delaying the construction of the first spent
fuel recycling plant. Because of the time value of money and technological progress, we are better off
delaying the investment in a capital-cost intensive recycling program.
- Criterion #5: minimizing saturation periods of the construction capacity of recycling plants. This
criterion measures how capital intensive (in terms of recycling plants) the strategy is.
- Criterion #6: minimizing the maximum fuel cycle cost and its value in 2100.
V.B. Definition of scenarios
V.B.1. Power demand
In 2005, the US installed capacity was about 100 GWe. The capacity is assumed to grow at 2.4% per year.
The 2.4% growth rate of nuclear installed capacity is the same as the one used in the MIT study for the
US fleet. [18] Hence in 2055, the installed capacity would be 300 GWe. The installed capacity profile is
the same for all scenarios.
V.B.2. Initial LWR fleet
The age of the initial LWR fleet (100 GWe) is derived from the historical construction schedule in the US.
[19]
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Figure 17: Number of years since construction of existing reactors in 2005
Given the power annual growth rate and the construction schedule of the initial fleet, we deduce the
construction requirements every year for two choices of reactors lifetimes, 45 years and 60 years.2' Figure
18 illustrates the impact of this choice on the construction requirements. The two construction peaks, 20
years ago and 32 years ago, that appear in Figure 17 have a noticeable impact on construction
requirements and they re-appear every 45 years or 60 years, depending on the reactors lifetime. The
impact of construction peaks vanishes as the construction needs due to the increase in capacity become
bigger.
21 In CAFCA II, the default lifetime of reactors is 60 years. This is our choice in this case study.
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Figure 18: Construction requirements as a function of reactor lifetime
V.B.3. Initial U0 2 spent fuel inventory
Spent nuclear fuel data is collected by the Energy Information Administration. From 1983 through 1995
this data was collected annually. Since 1996 this data has been collected every three years. The latest
available detailed data covers all nuclear spent fuel discharged from commercial reactors before
December 31, 2002. At that time, the UO2 spent fuel inventory was 47,023.4 MT. [19] For this case study,
an UO2 spent fuel inventory of 50,000 MT is assumed in 2005.
V.B.4. Introduction date of advanced technologies
Introduction dates of advanced technologies are specified in Table 26.
Table 26: Case study: introduction dates of advanced technologies
LWR-CONFU scenario (#1)
LWR/ABR scenario (#2)
LWR/GFR scenario (#3)
Introduction date of advanced technologies
2015
2040
2040
V.B.5. Deployment parameters of advanced technologies
For each scenario, three deployment scenarios of recycling plants and advanced reactors are introduced.
~B~iE~~P,
V.B.5.a. Fast reactors deployment parameters
Given the initial construction schedule and the profile of installed capacity, the GWe construction
requirements to catch up with power demand are as shown in Figure 19. Figure 19 shows also fast reactor
construction requirements if, every year, fast reactors are built that correspond to a constant proportion of
total construction requirements. The 15% and 50% figures are relevant for this study because they are in
the same range as the equilibrium proportions of ABR and GFR. We show indeed section V.C. 1.a that the
equilibrium proportion of Actinide Burner Reactors installed capacity in the system is around 15% (other
reactors being traditional Light Water Reactors) and around 40% for Gas-cooled Fast Reactors.
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Figure 19: Construction requirements as a function of the proportion of fast reactors built every year
Table 27 gives two points of the linear constraint on the construction of fast reactors, which
reflect the increase in capacity to build fast reactors as time goes by.
Table 27: Case study: construction capacity of fast reactors
was chosen to
Low case Base case High
Date 2040 2100 2040 2100 2040 2100
Construction capacity for fast 3 15 10 30 oo oo
reactors (GWe/year)
OIJ
50 ff
-
-
(I ww
V.B.5.b. Recycling plants deployment parameters
The constraints on the possible industrial construction capacity of spent fuel reprocessing plants are
measured in terms of added capacity per year, in MT/yr per year.
Write c., for the constrained added capacity. If a plant of size C, greater than C.,, is built, then one
needs to wait for C/c., years before building a new one. For instance, if c., = 100 MT/yr/yr and C =
1,000 MT/year, then one needs to wait 10 years between the construction of two recycling plants; if C =
2,000 MT/year, one needs to wait 20 years between the construction of two recycling plants. One should
note that Cm. = 100 MT/yr/yr does not mean that 100 MT/year of recycling capacity are added every year.
In order to build a recycling plant, one needs to capitalize construction capacity for a given number of
years before the plant can start being operated.
We chose a time-independent cap for the construction of spent fuel recycling facilities before 2040 and
after 2040. The ratio of unit installed capital costs of an average 100 MT/year FFF reprocessing plant to
unit installed capital costs for a 'standard' 1,000 MT/year is in the order of 10; we use the same ratio to
calculate the maximum construction capacity of reprocessing plants, based on the data for separation
plants.
Table 28 summarizes the parameters for the three scenarios of recycling plants deployment.
Table 28: Case study: annual possible industrial construction capacity of spent fuel recycling plants
Low Base case High
Cm, for separation (MT/yr/yr) before 2040 150 250 500
c., for separation (MT/yr/yr) after 2040 300 500 1000
C., for FFF reprocessing (MT/yr/yr) before 2040 15 25 35
Cm., for FFF reprocessing (MT/yr/yr) after 2040 30 50 70
In CAFCA II, spent fuel recycling plants have a 40-year lifetime. When a plant is decommissioned,
construction of a new plant to replace it requires additional construction effort that needs to be accounted
for. Hence replacement of decommissioned plants is not considered different from construction of 'new'
recycling plants.
In order to assess the impact of the choice of recycling capacities, we selected the following ranges for
capacities of spent fuel recycling plants: 1,000 MT/year, 2,000 MT/year, and 7,000 MT/year for
separation plants and 50 MT/year, 100 MT/year, and 200 MT/year for FFF reprocessing plants. This
defines nine possible combinations. For sake of simplicity, results for three choices of recycling capacities
only are presented in this study, numbered i), ii), and iii) in the rest of this chapter. Prices of spent fuel
recycling as a function of recycling capacity choices are given in Table 29.
Table 29: Case study: prices of spent fuel recycling
UO2 spent fuel separation FFF spent fuel separation GFR spent fuel separation
Choice of Capacity Price Capacity Price Capacity Price
recycling (MT/year) ($/kgHM) (MT/year) ($/kgWM) (MT/year) ($/kgHm)
capacities
i) 1,000 1,300 50 11,500 1,000 2,600
ii) 2,000 1,030 100 7,500 2,000 2,030
iii) 7,000 920 200 5,500 7,000 2,000
Finally, we need also to specify a minimum targeted capacity factor for spent fuel reprocessing plants. A
60% figure is used in this case study.
V.C. Preliminary evaluation of fuel cycle options
Let PLWR (t) be the installed capacity of the LWR fleet at time t, PFR (t) be the installed capacity of the
Fast Reactor fleet at time t, P (1 + r,.5yr)t be the total power at time t, where r,.sy, is the growth rate every
1.5 years and t is the date, i.e. the number of time steps since installed capacity was Po. We have
rl.5yr = 3.73%.
In this analysis, mass parameters are normalized in GWe of the reactor in which corresponding batches
are to be loaded. Let tru w be the mass of TRU in a spent LWR batch, truFR be the mass of TRU in a
spent fast reactor batch, truFR be the mass of TRU in a fresh fast reactor batch. Let truCON be the mass of
TRU in a spent CONFU batch and tru0ON be the mass of TRU in a fresh CONFU batch. We have:
L WR ABR ABRtru = 0.42MTIGWe , tru =(2/0.315)MT/GWe , tru =(1.63/0.315)MT/GWe
tru R = truGR = (2/1.128) MT/GWe, truf = 0.94 MT/GWe, and truON =0.98MT/GWe.
Let hmwR be the mass of HM in a spent LWR batch, hmFR be the mass of HM in a spent fast reactor
batch. Let hm02 be the mass of HM in the spent UO2 pins in a spent CONFU batch and hm FFFsf be the
mass of HM in the spent UO2 pins in a spent CONFU batch. We have: hm"fWR =25.73MT/GWe,
hmFR =(10.77/1.128)MT/GWe , hm fBR =(1.63/0.315)MT/GWe , hmff =19.79MT/GWe , and
hmONf = 0.65 MT/GWe.
Finally, let csFR be the number of batches in fast reactor cores. We have csABR = 2 and csABR = 5.
V.C.1. Advanced technology requirements at equilibrium
V.C.I.a. Reactor technologies requirements at equilibrium
Let ;r(t) = (PFR(t)/P) (1 + r.5yr) - ' be the proportion of fast reactors installed capacity to total installed
capacity. In this analysis, we ignore manufacturing losses, as well as decommission and commissioning
of new reactors (decommissioning increases the TRU supply and commissioning increases the TRU
demand). At equilibrium, we have, taking into account the four-time step required cooling time of spent
fuel: P,, (t-4) trufLW + PFR(t-4) - truR = PFR (t) -trFR . Dividing by P -(1+ 5yr) t , and solving for
r(t -> oo)= ER :
r F ( l + r l 'sy r ) 
4 " t ru F _ -t r uF • 
-.
First, this relation shows that, in order to have a 100% fast reactor fleet, the following relation should
hold: (1 + rl.5yr 4 tru R = trufR. Second, this formula shows that, at equilibrium, existing TRU inventory
is depleted as soon as rc(t)> .FR and TRU inventory increases as soon as r(t) < R. However, one
should not interpret this formula the wrong way: there is no need to have xz(t)> efR to deplete TRU
inventories; the result holds at equilibrium only and it ignores transient phenomena due to initial
conditions.
We calculate .ABR ; 16% and ,r.R 57%. For the LWR-CONFU strategy, the equilibrium proportion
of CONFU batches, using the same methodology, is: r.Y~CONFU , • l 1dCON u  35%. We checked on these
results using CAFCA II. The difference between the simulation results and our calculations are explained
by the fact that we neglected the effects of commissioning and decommissioning; the larger the size of the
core, the larger is the expected error in our calculations is expected to be. Indeed, the difference is the
greatest for GRR and the lowest for ABR: preliminary data using CAFCA II are frBR -15%,
irýFR - 40%, and ;r,,OFU ; IdCONFU , 28%.
V.C.1.b. Spent fuel recycling requirements at equilibrium
Let's concentrate on fast reactors first. If the total installed capacity is 100 GWe, there will be
,e
.
rR -100 GWe fast reactors at equilibrium. Therefore, an estimate for LWR spent fuel reprocessing needs
is (1- ,R) 100 hmLW [MT] every 1.5 years. Similarly, advanced spent fuel reprocessing needs are
,'FR -100. hmSR [MT] every 1.5 years. In terms of MTIGWe/year, this yields:
cL,•f = (1- R). hmLWR /1.5 and cF = f .- hm, /1.5.
For the LWR-CONFU strategy, we derive similarly:
cL•f = [(1- CONF) • hmLW + oU -hmosf ]/1.5 and csFFsf = o, hm n FFFsf /1.5.
Recall that we assumed that GFR spent fuel separation and U0 2 spent fuel reprocessing occur in the same
type of facility. Hence, for the LWR/GFR strategy, only separation plants are needed. For the LWR-
CONFU and the LWR/ABR strategies, two types of recycling facilities are needed: separation plants and
FFF reprocessing plants. Spent fuel requirements at equilibrium are showed in Table 30, where csep,,ar are
spent fuel separation requirements at equilibrium and crepro are FFF reprocessing requirements at
equilibrium. Note that the 12 MT/yr/GWe figure for separation needs with the LWR/GFR strategy
corresponds to the sum of 8.5 MT/yr/GWe from UO2 spent fuel separation and 3.5 MT/yr/GWe from
GFR spent fuel separation.
Table 30: Spent fuel recycling capacities at equilibrium based on calculations
LWR-CONFU LWR/ABR LWR/GFR
Csepar [MT/yr/GWe] 14.3 13.6 12
Crepro [MT/yr/GWe] 0.26 0.52 -
We checked on these results using CAFCA II. When the installed capacity is 809 GWe, the spent fuel
recycling capacities are given in Table 31, in terms of MT/year then translated into MT/yr/GWe.
Table 31: Spent fuel recycling capacities at equilibrium based on simulations
LWR-CONFU LWR/ABR LWR/GFR
Csepar [MT/yr] 10,500 9,810 8,800
Crepro [MT/yr] 173 371 -
Csepar [MT/yr/GWe] 13 12 11
crepro [MT/yr/GWe] 0.21 0.46 -
Our calculations and these figures noticeably show that spent fuel recycling requirements are in the same
order of magnitude for the three spent fuel recycling capacity choices. They show furthermore that the
LWR/GFR strategy has the lowest separation needs at equilibrium while the LWR-CONFU strategy has
somewhat higher separation needs than the LWR/ABR strategy. Finally, the LWR/ABR strategy has FFF
reprocessing needs that are twice as high as for the LWR-CONFU strategy.
In CAFCA II, the lifetime of a reprocessing plant is 40 years. For separation capacity to be 13,000
MT/year in 2100, one needs to build 325 MT/yr each between 2060 and 2100. For FFF reprocessing
capacity to be 400 MT/year in 2100, one needs to build 40 MT/yr per year between 2060 and 2100. Note
however that equilibrium calculations do not account for (1) existing spent fuel inventories when the
recycling program starts and (2) the time period necessary to build enough fast reactors to load advanced
fuels masses corresponding to equilibrium; they are therefore under-estimates of what construction
capacities should be to reach equilibrium by 2100.
V.C.2. Reduction of TRU inventories in interim storage during the transient
We are going to show now that, under the condition that spent fuel recycling occurs at a sufficiently high
pace, a reduction of TRU inventories in interim storage may occur as soon as advanced technologies are
introduced, regardless of the TRU consumption rate in advanced fuels; even for the self-sustaining GFR
with a zero net TRU consumption, TRU inventories in storage may be depleted.
V.C.2.a. Fast reactor case
For this analysis, we neglect the effect of reactors decommissioning on TRU mass balances and any
constraints on spent fuel recycling; the equation for TRU inventories follows, where PR is the power of
reactors R at time t and APtRT, is the power growth of reactors R between t and T:
TRUt+, = TRU, + truO PGWR +truGFR PGFR -trGFR [GER +ApGFR + CS GFR
=1 + .Sf t_4 Sf 0 " + (t-3-*--) 'CGFR-,t-1-*t)j
On the right hand-side, TRU, is the TRU inventory at the beginning of time step t, trusf "-t R is the
total mass of U0 2 spent fuel going out of cooling storage (and into interim storage) after the 6-year
cooling period (which translates into 4 time steps with our 1.5 year time step interval), trufR "P~ R is
the corresponding mass for GFR, and the remaining term represents TRU loading into (1) fast reactors
that are more than 6 years old, (2) other fast reactors that were built in the past 5 years, and (3) newly
built fast reactors.
As GFR is self-sustaining:
TRUt+, = TRUt +tru WR . LWR trGFR [ AGFR + CSGF GFR +1)
=R +tr> 4sf t-4 -- 0  Lo • 
1(t-3--t) (t--t+l)J
P 4LWR . GFRF .[APGFR GFR L tWRTRU inventories are depleted as soon as: trugf .Pt_4 <t tru 0", -3-[ , +CSGFR (t-t+)]. Let w
the proportion of Light Water Reactors installed capacity at time t, and •aGFR = R,,A pGR t,ot the
proportion of fast reactors built at time t. The equation above becomes:
1t WR _WR .Tot GFR Tot
trusf t,4 t < truo" -[ GFR . - ) +AcSGFR .A+1 otsf t-4 t-4 " (t--t+l) ±i(t+l)
i=--3
Dividing by PTot, we get:
truLWR WgfWR 3sf t-4 GFR GF.5yr GFR
< trUo " [Z GFR-i+1)S 4 <tru0  t-i- -+t-i+1) + CSGFR " (t--t+1) r1.5yr](1+ .5yr)4  i=1 1. 5yr)
Let then FRt+1),0 be the minimum constant proportion of GFR to be built in order to achieve a reduction
of TRU inventories in interim storage:
GFR trusf fVWR FR . WR
9(t-+ ),O 3t-4 0 t-4
tGFR [ZCl *(1+ yr)4 ]
tru 0G r1.5yr .5yr)
4- i 
+CSGFR + .5yr 4 ]
i=1
This formula shows first that, in order to reduce TRU in interim storage from t to t+1, the required
marginal proportion of GFR to be built, rRt+~),0, decreases as the total proportion of GFR in the system
increases. At the beginning, the proportion of Light Water Reactors in the system is 1. Hence, .FR
represents an upper bound for the marginal proportion of Gas-cooled Fast Reactors to be built in order to
achieve reduction of TRU inventories in spent fuel storage. As long as it is lower than 1, then we know
for sure that it is possible to achieve TRU inventories reduction with sufficient construction effort, and as
early as the introduction date of advanced reactor technologies. The lower .0FR is, the less intensive the
construction effort of fast reactors needs to be to deplete TRU inventories. Hence .GFR is related to the
possibility of reducing interim storage requirements for TRU under no constraint on the construction of
fast reactors.
- First, we could have expected earlier that the possibility of reduction of TRU inventories in interim
storage decreases with tru~, and increases with truGFRsUf sf
- Second, we see that there is no possible reduction when the annual growth rate is 0 as .GFR goes to
infinity. Indeed, we neglected decommissioning of reactors hence no GFR would ever be built in a
stale fleet. However, the formula shows that ,0a FR decreases when the growth rate increases. As TRU
inventories in interim storage are at least 6 years old, the more the fleet could grow between 6 years
ago and now, the more installed capacity would have been added to the system, the more TRU would
have been loaded into new reactors, the more easily TRU inventories in interim storage would have
been reduced.
- Finally, .GFR decreases as the size of the core increases; this is due to the impact of the first core
TRU loading on TRU inventories.
We calculate GFR = 58% using the following formula:
-
LWR
truf rl.5yr 1  l.5yr4 -i +CSGFR (1+ 1.5yr) 4]i=1
Say that 100 GWe need to be added to the system to catch up with increasing power demand, and TRU
masses in interim storage are 1,000 MT. TRU masses in spent fuel that was discharged from reactors 6
years ago add to these 1,000 MT. By building 58 GWe of Gas-cooled Fast Reactors, it is guaranteed that
TRU masses in interim storage would then be reduced to less than 1,000 MT.
Using the same formula, we calculate ) BR = 27% for Actinide Burner Reactors. Note that, as these
reactors burn TRU, 2 4BR is an upper bound for the actual marginal proportion of ABR to be built every
time step in order to achieve a reduction of TRU inventories in interim storage. Hence, the minimum
marginal proportion of ABR to be built for reducing TRU inventories in interim storage is lower for the
LWR/ABR strategy than that for the LWR/GFR strategy.
V.C.2.b. CONFU case
With the LWR-CONFU strategy, Light Water Reactors can be loaded with traditional UOX batches or
CONFU batches. Let NB the number of batches of type B loaded at time t. Recall that UOX and Young
CONFU batches cool for 4 time steps, while Old CONFU batches cool for 12 time steps. Batches are all
irradiated during 3 time steps. Hence, at time t+1, we have:
TRU TRU trULR NLWR + CON . YgNCON CON .NfOldCON - CON NCON
TRUt+, = TRU +truf t-6 sf t-6 +trusf -Nt 14 -truo -Nt+l
We have trugON < truCON and reasonably NotdON <NtOdCON hence a reduction of TRU inventories in
interim storage occurs if:
truLWR .LWR CON RCON • CON (51)
truf -6 <t "0 "(Nt+ - 6 ) (5.1)
Let ;rctON = NcoN /NTo t be the proportion of CONFU batches loaded in reactors at time step t. After a few
transformations, equation (5.1) becomes:
truf .(I CON) < truCoN .(CON .(1+r) t CON)
trusf t- 6 0 )< tru  •+1 1.5 --_'Tt-6
If a constant marginal proportion of CONFU batches was to be loaded at every time step, TRU
inventories in interim storage would be depleted as long as this proportion is higher than:
truLWR
truo . + rl.syr7l) J+ f "
We calculate AFc = 60%.
V.C.3. Three-factor evaluation of fuel cycle strategies
With these preliminary calculations, we were able to calculate the equilibrium proportion of fast reactors
in the system, which maintains TRU inventories in interim storage at 0. Also, we calculated spent fuel
recycling requirements at equilibrium, in terms of MT/GWe/yr. Finally, we calculated what the minimum
marginal proportion of fast reactors built every year should be to deplete existing TRU storage inventories.
Similar calculations were carried out for the more complicated LWR-CONFU option.
Table 32 gives summarizes our 'three-factor' evaluation of the fuel cycle strategies we are studying.
Table 32: Three factor evaluation of fuel cycle options
LWR-CONFU LWR/ABR LWR/GFR
Equilibrium proportion of power produced by
(F1) 70% 16% 57%
advanced technologies in the system (%)
U0 2 spent fuel separation needs at 14 13 8.5
equilibrium (MT/yr/GWe)
Advanced spent fuel recycling needs at
0.2 0.5 3.5
equilibrium (MT/yr/GWe)
Upper bound for the minimum marginal
proportion of power produced by advanced(F3) 60 % 27% 58%
technologies to reduce TRU inventories in
spent fuel interim storage (%)
The four values calculated with our thee-factor evaluation are related to the construction effort of
advanced reactor technologies and spent fuel recycling facilities. We want therefore to minimize these
four values because of economic-driven concerns.
In regards to factors (Fl) and (F3), the LWR/ABR strategy appears superior to other strategies and the
LWR-CONFU and the LWR/GFR strategies are close to each other.
In regards to factors (F2), as we assume that recycling of GFR spent fuel occurs in the same facilities used
for LWR spent fuel separation, then the LWR/GFR strategy is the most advantageous. The LWR/ABR
strategy relies more heavily on FFF reprocessing services than the LWR-CONFU strategy does but the
LWR-CONFU strategy makes a somewhat more intensive use of UO2 spent fuel separation services.
V.C.4. Optimizing fast reactors for reduction of TRU inventories in interim storage
For fast recycling schemes, we obtained three sets of formulas with these calculations, which characterize
advanced technologies from a systems point of view. Equations (5.2) summarize the four formulas we
derived in our calculations for fast reactors.
(1) R= r (1 +r.S yr) 4 tR -tFR r
truf LWR
hmLW LWR
FLRpf (l7 > f tcL (1- ) tru sf [MT / yr /GWe]hm trLWR 1S
(2) hmFR [MT/ rGWe
_FR s ,f 00 ,,.,FR f [MT/y r / G We]
FR sf 1.5tfIs
(5.2)
(3) Z[" -  FRutruo 3
.Syr.['' (1+rl.5yr) 4 - i CSFR (1+.yr) 4 ]
We want to minimize simultaneously FR, CLWRsf, CFRsf, and oR R . At the level of the reactor technology,
it is possible to play on the following independent parameters: (hm S truf), (hmf /trusf
truFR , truFR, and csFR .22 Write {X}i=1...6 for these six independent variables (in the same order). In a
symbolic form, we want to minimize simultaneously the following four functions, where all the
parameters {a,} are positive:
S(x) =1 a, "X5 -X4
X3
f2 (X) = 11 1
a1 Xs-X 4 x3
and
f3 (X) •- fX -
1+-I -1
AMX X3 __1
X l+a
Xs 1+a2 X,
Table 33 summarizes the dependency of these four functions in the six parameters. We use the sign 't'
when these variables increase with the parameter, ',' when it decreases with it, and '-' when there is no
dependency. Note that the results may depend on the sign of a, X - X, (1 + r)4 . truOR - tru% .As we
do not deal with breeder reactors in this study, this quantity is always positive.
22 Our formulas are valid if transience due to decommissioning and commissioning can reasonably be ignored.
Hence, the size of the core should not be too high.
Table 33: Dependency of the three-factor evaluation on reactors parameters
Table 33 shows first that the ratio (hmL" / tru L  ) should be as low as possible: one should maximize
the TRU weight :percentage in UO2 spent fuel. Second, the ratio (hmFR / tru R ) should be as low as
possible: one should maximize the TRU weight percentage in fast reactor spent fuel; TRU weight
percentages are 100% for ABR spent fuel and 20% for GFR spent fuel. Third, the size of the core, CSFR,
should be as high as possible; it is 2 for ABR and 5 for GFR (for equivalent reactor parameters!).
There are three variables left, for which the four functions cannot be minimized simultaneously: tru LWR,
truFR, and tru, .
First, if the emphasis is on infrastructures implications rather that the reduction of TRU inventories in
interim storage, then minimizing nFR, cLwpf, and cFsf has precedence over minimizing ,FR . In this
case, truýwR should be as low as possible. Ideally, it should be equal to zero but this is obviously
impossible. The trend is rather to have (tru" 'pLWR) increase as a consequence of always increasing
burn-ups to optimize the utilization of uranium, although TRU inventories accumulation is a concern.
Choosing tru R and tru0FR depends on fuel cycle 'preferences'. truFR is 1.8 for GFR and 6.3 for ABR,
while truFR is also 1.811 for GFR and 5.2 for ABR.
On the one hand, with an emphasis on minimizing the construction of fast reactors, the construction of
fast reactor spent fuel recycling plants, and on depleting TRU inventories as fast as possible, truFR should
be as high as possible and truFR should be as low as possible. With this point and our findings above, an
optimized fast reactor would have a large core, and burn fertile-free fuel at a highest as possible
consumption rate. From that point of view, ABR appears to be preferable to GFR, although tru R is
higher for ABR than for GFR and separation requirements are greater for ABR than for GFR.
On the other hand, with an emphasis on minimizing construction requirements of separation plants, truoR
should be as low as possible and trunF should be as high as possible, with the caveat that trUoR is higher
than truF as we ignored the case of breeder reactors. From that point of view, GFR appears to be
preferable to ABR.
Our three-factor evaluation of fuel cycle strategies does not include fuel cycle cost and capital cost
considerations. As shown in section IV.E, fuel cycle cost depends on the origin of the TRU vector,
whether it is obtained by separation from uranium and fission products in U0 2 spent fuel or from
recycling of advanced spent fuels; it is possible to calculate fuel cycle costs at equilibrium, which we do
not do here, but not the maximum fuel cycle cost achieved during the transience, where TRU comes
mainly from its most expensive source, i.e. UO2 spent fuel separation. In regards to capital costs, the
LWR-CONFU technology is obviously the cheapest as fast reactors are more expensive than Light Water
Reactors.
Furthermore, the three-factor evaluation method does not take into account the introduction date of
advanced technologies. The sooner they are introduced, the sooner equilibrium can be achieved. Also, our
method does not take into account what the constraints are for the deployment of advanced technologies,
especially advanced reactors and the risk attached to the construction of these facilities.
In parallel to our three-factor evaluation of fuel cycle options, simulations using CAFCA II were then
meant to illustrate the impact of constraints the deployment of advanced technologies and also the
transience phase during which TRU inventories are not depleted yet.
V.D. CAFCA II evaluation of fuel cycle options and choices of recycling plants capacities
Section V.D presents the results of the simulations obtained using CAFCA II for:
- The three fuel cycle strategies: LWR-CONFU, LWR/ABR, and LWR/GFR;
- Three choices of recycling capacities, numbered i), ii), and iii);
- Three scenarios for the deployment of spent fuel recycling facilities, labeled "Base case", "Low case",
and "High case".
V.D.1. Base case scenario for the deployment of advanced technologies
This section shows the results obtained by the simulation models. For the three fuel cycle options
modeled in this study, the figures relating to recycling capacity choice i) with smallest plants are
displayed first, the figures relating to recycling capacity choice ii) with middle-size plants are displayed
afterwards, while the figure relating to recycling capacity choice iii) with largest plants are displayed last.
V.D.1.a. Infrastructure implications
Only the populations of traditional Light Water Reactors, Fast Reactors, and spent fuel recycling plants
are described. For other fuel cycle plants, such as UO2 fabrication plants or enrichment plants, we indeed
suppose that there are no constraints on their construction and that their capacity can be made to quickly
fit the demand. This section also shows the evolution in the number of separation and reprocessing plants.
V.D.1.a.i. Reactors
This section describes the population of new reactors and the distribution between traditional Light Water
Reactors and Fast Reactors. In the LWR-CONFU strategy, only Light Water Reactors are built; the
relevant corresponding graph is the distribution of CONFU batches in reactors cores.
Figure 20 shows that, for the LWR-CONFU strategy, increasing the size of UO2 spent fuel separation
plants delays the first loading of CONFU batches in Light Water Reactors; for recycling capacity choice
i), the number of CONFU batches in the system becomes positive and increases as soon as 2020; for
recycling capacity choice ii), the number of CONFU batches loaded starting after 2015 is larger than zero
but stays constant until 2050; for recycling capacity choice iii), the construction of the first separation
plant is delayed until 2055. The reason for this delay phenomenon is the constraint on minimum capacity
factors: the larger the plants, the larger the minimum spent input per plant, the more UO2 spent fuel
inventory must increase before it is large enough for the constraint of capacity factors to be satisfied
during plants lifetime.
Figure 20 also shows that the long-term proportion of CONFU batches to the total number of batches in
the system is around 50%, while the number of young CONFU batches and the number of old CONFU
batches are roughly equal. In the short run, after the loading of the first CONFU batch, the three graphs
show that the number of CONFU batches in the system is higher than the number of LWR batches; the
existence of the initial spent fuel inventory explains this transience: before equilibrium is achieved, i.e.
spent fuel inventory is depleted, there is enough TRU in spent fuel to have a proportion of CONFU
batches in the system much higher than the equilibrium proportion.
For the LWR/ABR strategy, Figure 21 shows the delay phenomenon for recycling capacity choice iii),
where the first Actinide Burner Reactor is built in 2060 only, more than 20 years after the first year when
Actinide Burner Reactors could be built.
Furthermore, for recycling capacity choices i) and ii), the ABR installed capacities are comparable in the
short run, until 2080 where less Actinide Burner Reactors are built in case i) than in case ii). The reason
behind it is that building larger plants helps depleting spent fuel inventories faster when plant throughputs
are guaranteed: then it is better to build one 2,000 MT/year plant at t = 0 than one 1,000 MT/year at time t
= 0 and one at t = 1.
For recycling capacity choice i), the proportion of ABR grows linearly from 2040 to 2080, when it
reaches a 20% value, much higher than the 15% equilibrium value. After 2080, the proportion goes down
to less than 14%; as explained earlier, this entails that spent fuel inventories build up again: equilibrium is
therefore achieved only temporarily. By 2100, the number of Actinide Burner Reactors in the system is
422, for a 133 GWe installed capacity.
For recycling capacity choice ii), the proportion of ABR grows from 2040 to 2075 at a faster rate than for
recycling capacity choice i), when it reaches an 18% value. After 2075, the proportion goes down to little
less than 15%. By 2100, the number of Actinide Burner Reactors in the system is 452, for a 143 GWe.
For recycling capacity choice iii), the proportion of ABR grows at the fastest pace among the three
strategies from 2060 to 2100. In 2100, equilibrium is not achieved, even if the ABR proportion is around
18%. By 2100, the number of Actinide Burner Reactors in the system is 543, for a 171 GWe installed
capacity.
The reason for departing from equilibrium at the end of the century with recycling capacity choice i) and,
to a lesser extent, recycling capacity choice ii), is the limited construction capacity of spent fuel recycling
plants. Indeed, having the strategy with larger plants more efficient with the same construction constraints
shows that the construction pace of separation plants (500 MT/year/year) and FFF spent fuel reprocessing
plants (50 MT/year/year) is not large enough to maintain equilibrium and should be higher; in addition to
a smaller than needed construction pace, replacement of decommissioned plants after 2080 does not
increase recycling capacity but only maintains it.
Figure 22 shows 'that, for the LWR/GFR strategy, the construction of the first GFR occurs in 2040 for
recycling capacity choices i) and ii). For recycling capacity choice iii), construction of the first GFR
occurs in 2060 only. In all cases, GFR installed capacity grows almost linearly.
By 2100, the proportion of GFR installed capacity in the system is 35% for recycling capacity choice i),
40% for recycling capacity choice ii), and 37% for recycling capacity choice iii). Remember that the
equilibrium proportion is 40% for GFR. For all recycling capacity choices, the 2100 proportion of GFR is
close to the equilibrium proportion. That does not entail that equilibrium is 'almost' achieved. Indeed, for
equilibrium to occur, one needs first to deplete spent fuel inventories, which requires a higher than
equilibrium proportion of fast reactors in the system; which occurs only for deployment scenario i), as
will be seen later with graphs for TRU mass balances under the three scenarios.
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V.D.1.a.ii. Reprocessing and separation plants
Figures 23 to 25 for the LWR-CONFU, the LWR/ABR, and the LWR/GFR strategies illustrate the
phenomenon of delay mentioned earlier due to increasing the size of reprocessing plants and the impact of
the constraint on capacity factors on the construction schedule of recycling plants. Table 34 gives the
construction date of the first recycling plant for all fuel cycle options and choices of recycling capacities.
Table 34: Construction date of the first recycling plants - Base case
Recycling capacity choice LWR-CONFU LWR/ABR LWR/GFR
U0 2 sf FFF sf U0 2 sf FFF sf U0 2 sf and GFR sf
i) 2015 2030 2040 2050 2040
ii) 2015 2070 2040 2050 2040
iii) 2055 2090 2060 2070 2060
Given the maximum construction capacities used, for 1,000 MT/year separation plants, the waiting time
between two constructions is 4 years 2040 and 2 years after 2040. For 2,000 MT/year (resp. 7,000
MT/year) separation plants, waiting periods are twice (resp. seven times) as high. For 50 MT/year FFF
reprocessing plants, the waiting time between two constructions is therefore 2 year before 2040 and one
year after 2040. For 100 MT/year (resp. 200 MT/year) reprocessing plants, waiting periods are twice (resp.
four times) as high. Construction capacities of recycling plants are "saturated" when the actual
construction pace equals the maximum construction pace. Table 35 shows the periods when separation
plant construction capacities are saturated for every fuel cycle option and for the three different recycling
capacity choices.
Table 35: Saturation periods for the construction of separation plants - Base case
Recycling capacity choice LWR-CONFU LWR/ABR LWR/GFR
2015-2030 2040-2080 2040-2100
2060-2080 2090-2100
2050-2065 2040-2050 2040-2100
ii)
2075-2090 2080-2100
iii) Never 2060-2075 2060-2100
For FFF spent fuel reprocessing plants, construction capacities are saturated as shown in Table 36.
Table 36: Saturation periods for the construction of FFF reprocessing plants - Base case
Recycling capacity choice LWR-CONFU LWR/ABR LWR/GFR
i) Never 2075 and 2090
ii) 2090-... Never
iii) Never Never
Tables 35 and 36 show that the construction capacity of separation plants is much more often saturated
than the construction capacity of FFF reprocessing plants. We deduce from this observations that the
construction effort of separation facilities is a more constraining factor on the fuel cycle system than the
construction effort of FFF reprocessing facilities.
Saturation of construction capacities goes along with having a 100% capacity factor, which occurs under
two different conditions. First, the maximum pace of recycling plants construction is too low and supply
is lower than demand. Second, the maximum pace of recycling plants construction is fine but there is no
construction because building an additional plant would make the capacity factor of the fleet lower than
its required 60% value in the future. Hence the capacity factor remains high, as one additional plant
would make the capacity factor go under its allowed floor. The latter situation prevails during the
transient corresponding to the depletion of initial spent fuel inventory, especially with large nominal
capacities, while the first prevails during the last years of the simulation when the (at most) linear growth
of the recycling industry does not catch up with the exponential growth of power demand.
Actual recycling capacities in 2100 are given in Table 37 and, in each case, we also indicated, based on
HM mass balances shown in the next section, if equilibrium was achieved in 2100. Total recycling
capacities can be expected to be either lower or higher than recycling capacities at equilibrium.
Indeed, reduction of TRU inventories in interim storage requires more recycling capacity than at
equilibrium. This is what we observe in Table 37 in the columns corresponding to the LWR-CONFU and
the LWR/ABR strategies. But, if the construction pace of recycling facilities is not high enough, the
equilibrium recycling capacity may not be reached.
Table 37: Spent fuel recycling capacities by 2100 - Base case
Recycling capacily choice Parameters LWR-CONFU LWR/ABR LWR/GFR
Csepar [MT/yr] 12,000 8,000 9000
i) Crepro [MT/yr] 150 400
Equilibrium YES NO NO
Csepar [MT/yr] 16,000 10,000 10,000
ii) Crepro [MT/yr] 200 400
Equilibrium NO YES YES
Csepar [MT/yr] 14,000 14,000 7,000
iii) Crepro [MT/yr] 400 600 -
Equilibrium NO NO NO
These results confirm what we showed in Section V.B.5.a in calculating recycling capacity requirements
at equilibrium. The LWR/GFR has indeed the lowest separation capacity need to reach equilibrium, the
LWR/ABR strategy has a higher FFF reprocessing capacity need than the LWR-CONFU strategy, and the
LWR-CONFU strategy has a somewhat higher separation capacity need that the LWR/ABR strategy.
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Figure 25: Separation plants in the LWR/GFR strategy - Base case
Mass balances
V.D.l.b.i. Heavy metal balance
The total heavy metal mass distribution among reactors and the back-end fuel cycle facilities is
represented in figures 26 to 28. The dashed curve, which starts around 50,000 MT represents the total
mass of heavy metals in nuclear spent fuel that has cooled for the required amount of time: for instance,
UO2 spent fuel discharged 7 years before is accounted for in this category while UO2 spent fuel
discharged 3 years before is not. The discrimination with the 'age' of the nuclear spent fuel illustrates the
difference between 'cold' nuclear spent fuel that can be handled and 'hot' spent fuel that cannot. The
solid curve represents the mass of heavy metals undergoing the cooling process. Finally, the last two
curves represent mass in reactors cores: the dotted one is for fast reactors cores while the dotted/dashed
curve is for LWR cores. The masses to be sent to the repository are three orders of magnitude lower in the
three closed-cycle strategies compared to the quantities to be sent to repository in the Once-Through
strategy; indeed, only losses are sent to the repository, which are 0.1% the throughput of main
transformation center. These losses are not presented in the graphs.
Figure 26 shows that, for the LWR-CONFU strategy, equilibrium is reached in 2050 with recycling
capacity choice i), while it is reached only in 2095 with recycling capacity choice ii). It is never achieved
with recycling capacity choice iii).
For recycling capacity choice i), reduction of spent fuel inventories in interim storage starts immediately
in 2020 after the construction of the first spent fuel recycling plant. Maximum HM temporary storage
requirements are 57,000 MT. By 2100, repository capacity needed is 600 MT for HLW from fuel
fabrication losses and 450 MT for HLW from spent fuel recycling.
For recycling capacity choice ii), HM masses in interim storage after the required cooling period increase
between 2015 and 2060 even tough a UO2 spent fuel separation plant is built in 2020. The curve shows
the impact of one single 2,000 MT/year separation facility on the growth rate of the spent fuel inventory;
compared to recycling capacity choice iii) where no UO2 spent fuel separation plant is built before 2060,
we see that introducing one plant with a capacity of 2,000 MT/year in 2020 helped maintaining the 2060
spent fuel inventory below 100,000 MT whereas it is around 180,000 MT when no recycling is carried
out. After having reached a peak in 2060 at 100,000 MT, heavy metal in temporary storage decreases
down to 0 in 2095. By 2100, repository capacity needed is 600 MT for HLW from fuel fabrication losses
and 450 MT for HLW from spent fuel recycling. Repository needs in 2100 are noticeably the same from
recycling capacity choices i) and ii); indeed, these values are equilibrium values for repository needs in
2100.
V.D.1.b.
In the case of recycling capacity choice iii), heavy metal in temporary storage increases as long as no
separation plant is built, i.e. in 2055; at that time, the inventory amounts to 180,000 MT. Thanks to the
construction of one 7,000 MT/year plant, spent fuel inventory is maintained around the same level until
the construction of a second facility in 2095. By 2100, repository capacity needed is 550 MT for HLW
from fuel fabrication losses and 450 MT for HLW from spent fuel recycling.
Figure 27 shows that, for the LWR/ABR strategy, and accordingly with what was said earlier, even if
equilibrium is reached around 2090 for recycling capacity choices i) and ii), the spent fuel inventory goes
back up because the recycling pace is not as high as it should be. The graphs also show that the reduction
of the spent fuel inventory starts in 2040 for recycling capacity choices i) and ii) when the first separation
plant is built and the depletion rate is higher for recycling capacity choice ii).
The maximum mass of heavy metal in interim storage is around 120,000 MT for recycling capacity
choices i) and ii). The maximum mass of heavy metal in interim storage is around 180,000 MT for
recycling capacity choice iii). By 2100, the repository capacity needed is around 600 MT for HLW from
fuel fabrication losses and 450 MT for HLW from spent fuel recycling for the three recycling capacity
choices.
Interestingly enough, the late introduction of spent fuel recycling in the LWR/ABR strategy does not
impact the depletion of spent fuel inventory, as compared to the LWR-CONFU strategy: under the same
constraints for the construction of recycling plants, equilibrium is reached much sooner for the LWR-
CONFU strategy than for the LWR/ABR strategy with the smallest modular plants but, as the size of
recycling plants increases, the LWR/ABR strategy reaches equilibrium faster than the LWR-CONFU
strategy. Two things explain this phenomenon: first, spent fuel recycling pace is very low before 2040
when large facilities are used for the LWR-CONFU strategy; second, when construction capacity are not
exhausted, the LWR/ABR strategy depletes spent fuel inventories faster than the LWR-CONFU strategy
because (1) TRU loading per GWe is higher for ABR than for CONFU and (2) ABR is a net burner while
CONFU has a zero net TRU consumption.
HM masses in ABR cores do not appear on these graphs. This is due to the fact that the installed capacity
of Actinide Burner Reactors at equilibrium is only 15% of the total installed capacity. The remaining
power demand is satisfied by traditional Light Water Reactors, which have an HM loading that is much
higher than that of Actinide Burner Reactors, whose core is made of TRU only.
Figure 28 shows that, in the case of the LWR/GFR strategy, highest interim storage requirements are
130,000 MT and storage requirements in 2100 are 100,000 MT for recycling capacity choices i). For
recycling capacity choice ii), highest interim storage requirements are 120,000 MT and equilibrium is
reached by 2100. For recycling capacity choices iii), highest interim storage requirements are 18,000 MT
and storage requirement in 2100 are 100,000 MT.
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Figure 28: HM balance in the LWR/GFR strategy - Base case
98
V.D.l.b.ii. Transuranics elements balance
The total TRU mass breakdown in reactors and at the back-end of the fuel cycle is represented in Figures
29 to 31 for the three fuel cycle options.. The dashed curve, which starts around 900 MT represents the
total mass of TRU in nuclear spent fuel that has cooled for the required amount of time. The plain curve
represents the mass of TRU undergoing the cooling process. Finally, the last two curves represent TRU
mass in reactors cores: the dotted one is for fast reactors cores while the dotted/dashed curve is for LWR
cores.
For the LWR-CONFU strategy and the LWR/ABR strategies, the impact of FFF spent fuel on the total
HM balance is almost invisible compared to the impact of UO2 spent fuel. TRU mass balances show
better the impact of the choice of FFF spent fuel reprocessing plants capacities; indeed, as for U0 2 spent
fuel separation, there is the same 'delay' phenomenon due to the 60% constraint on plants capacity factor.
This is particularly striking for recycling capacity choice iii) with the LWR-CONFU strategy.
Table 38 summarizes the maximum TRU interim storage requirements for the three fuel cycle options
under the three different recycling capacity choices.
Table 38: Maximum interim storage requirements for spent fuel (MTTRu) - Base case
LWR-CONFU LWR/ABR LWR/GFR
UO2 sf FFF sf HLW UO2 sf FFF sf HLW UO2 sf GFR sf HLW
i) 1,000 90 20 2,000 40 30 2,300 < 2 30
ii) 1,500 1,000 17 2,000 150 35 2,100 < 2 35
iii) 3,000 1,800 10 3,000 700 20 3,100 < 2 25
Recall that we make a difference between spent fuel undergoing the cooling process and spent fuel 'older'
than the required cooling period. Only the latter category can be depleted, as spent fuel undergoing the
cooling process cannot be recycled. The graphs show accordingly that TRU in spent fuel undergoing the
cooling process increases with installed capacity; at equilibrium, a closed fuel cycle with multi-recycling
re-allocates TRU in the system in reactor cores and cooling spent fuel, as opposed to a Once-Through
cycle, where TRU is located in a repository or interim storage areas. Table 39 and figures 29 to 31
provide the TRU inventory distribution and its history until 2100.
Table 39: TRU in cooling storage in 2100 (MTTRU) - Base case
LWR-CONFU LWR/ABR LWR/GFR
i) ~ 3,200 -~ 3,800 ~ 3,100
ii) ~ 3,800 ~ 3,800 ~ 3,500
iii) ~ 2,500 ~ 4,000 ~ 3,100
Table 40 shows that Gas-cooled fast reactors have a much larger TRU inventory than Actinide Burner
Reactors and also Light Water Reactors loaded with CONFU batches. The TRU inventory in reactors
depends first on the TRU loading, which is the greatest for GFR and the lowest for A, and second on the
proportion of advanced batches in the system. First, we showed that the equilibrium proportion of GFR
batches in the system is 40%, it is 50% for CONFU and 15% for ABR. Second, normalized TRU loading
23is the highest for GFR and the lowest for ABR. These two factors explain why GFR has the highest
TRU inventory in 2100.
Table 40: TRU in reactors cores in 2100 (MTTRU) - Base case
LWR-CONFU LWR/ABR LWR/GFR
LWR cores LWR cores ABR cores LWR cores GFR cores
i) ~ 1,500 -~ 250 -~ 750 -~ 200 ~ 3,100
ii) ~ 1,600 -~ 250 ~ 800 -~ 200 -~ 4,000
iii) ~ 2,000 -~ 250 - 1,000 ~ 200 ~ 3,500
Total TRU incinerated at each time step does not appear on the graphs. To calculate total TRU incinerated
at each time step for each fuel cycle option and choice of recycling capacities, we calculated the total
mass of TRU in the system at each time step by summing (1) TRU in cooling storage, (2) TRU in interim
storage, and (3) TRU in reactors cores. The same calculations were carried out for the Once-Through
cycle. The difference between the two results is the total mass of TRU avoided thanks to closing the
nuclear fuel cycle, as compared to the Once-Through cycle. TRU masses avoided in 2100 are presented in
Table 41.
23 Normalized TRU loading of a batch of advanced fuel is calculated with the cycle length, CL, and the power, p, of
the reactor in which the batch is to be loaded, the TRU mass in a batch, UTRU. Normalized TRU loading is uRu/(CL
x p).
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Table 41: TRU avoided in the system in 2100 (MTTRU) - Base case
LWR-CONFU LWR/ABR LWR/GFR
i) ~ 5,600 -~ 5,000 ~ 2,000
ii) - 4,800 ~ 5,500 ~ 2,500
iii) ~ 3,000 ~ 4,500 ~ 1,500
The LWR/ABR strategies and the LWR-CONFU strategies allow avoiding somewhat comparable TRU
masses. The CONFU technology is a net zero TRU burner. However, its early introduction allows it to
consume as much TRU as the ABR.
On the other hand, the LWR/GFR strategy is much less efficient than the two other strategies. Indeed,
GFR is self-sustaining and does not incinerate TRU. TRU masses avoided with the LWR/GFR strategy
come only from the fact that, for every GWe produced by GFR instead of LWR, 0.28 MT/GWe/year of
TRU are not produced. 0.28 MT/GWe/year is the TRU production rate in Light Water Reactors cores at
equilibrium. The late introduction of the GFR limits TRU avoidance.
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Economic impacts
This section describes the economic features obtained by the CAFCA II code for the LWR-CONFU, the
LWR/ABR, and the LWR/GFR strategies presented in previous chapters. The results are in the form of
the cost of electricity or the fuel cycle cost in mills per kWhe. The average total cost of electricity
production over the fleet has three components: capital costs, O&M costs, and fuel cycle costs.
V.D.1.c.i. Fixed O&M costs
As O&M costs are the same for each reactor technology, at $70/kWe, the contribution of O&M costs is
the same for each simulation and equal to 9 mills/kWh.2 4 At $50/kWe, O&M costs are 6.4 mills/kWe. At
$90/kWe, they are 11.6 mills/kWh.
V.D.l.c.ii. Capital costs
Capital costs are comprised of costs of construction and decommissioning costs. Decommissioning costs
are the same for each technology and paid during the plants operating lifetime. The contribution of
decommissioning cost to the average total cost of electricity production is around 1 mill/kWh.
Consequently, fluctuations of capital costs are due to fluctuations of the contribution of construction costs
only. Construction costs depend on (1) the construction cost of Light Water Reactors, (2) the construction
cost of Fast Reactors (ABR or GFR) and (3) the choice of amortization period.
If, for example, the amortization period of reactors construction is 20 years and their operating lifetime is
60 years, there is therefore a 40-year period during which reactors operate after paying for the initial
capital investment. With our parameters, annuities for construction amount to 33 mills per kWh for a
LWR and 49 mills per kWh for Fast Reactors. Total average construction costs are therefore equal to the
sum of 33 mills per kWh times the proportion of all reactors under 20 years old (which can be calculated
based on the initial fleet and the power growth rate) plus 16 mills/kWh times the proportion of fast
reactors under 20 years.
Let's concentrate first on the impact of the choice of amortization period. For an all LWR fleet (with the
conditions specified above for the annual power growth rate and the initial LWR fleet), Figure 32 shows
the proportion of un-amortized reactors in the system for two amortization periods, 20 years and 40 years.
For an amortization period of 60 years, the proportion of un-amortized reactors is obviously 100%. We
checked on these results using CAFCA II and preliminary data are the same as the ones calculated above.
24 A 90% capacity factor is assumed for all reactors.
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Figure 32: Proportion of un-amortized reactors, as a function of the amortization period
Let's concentrate now on the impact of the 16 mills/kWh construction cost difference between Light
Water Reactors and Fast Reactors. Preliminary simulations showed earlier that the equilibrium proportion
of Actinide Burner Reactors is 15% and it is 40% for Gas-cooled Fast Reactors. These proportions are
conservative upper boundaries for equilibrium proportions of un-amortized fast reactors in the system at
any given time step. For the LWR/GFR recycling strategy, the 16 mills/kWh translate at most into an
additional 6.4 mills/kWh and into an additional 2.4 mills/kWh for the LWR/ABR strategy.
V.D.l.c.iii. Fuel cycle costs
Fuel cycle cost figures for all recycling capacity choices and all choices of recycling capacities are
presented in Appendix B.
Fuel cycle cost at each time step reflects the existence of three phases: before the introduction of
advanced technologies, it is equal to the fuel cycle cost of the Once-Through cycle, around 5 mills/kWh
without the 1 mill/kWh fee; after the introduction of advanced technologies starts a transience phase,
where the fuel cycle cost increases; after this transienct phase, when an equilibrium is approached, the
fuel cycle cost decreases down to its equilibrium value.
Before equilibrium is achieved, the initial UO2 spent fuel stored inventory is depleted. During this
transient phase, two phenomena contribute to making the fuel cycle cost much higher than its equilibrium
value:
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- Because of the delays due to required cooling times for spent fuel and the constraint on the minimum
60% capacity factor of advanced spent fuel recycling plants, only young (and expensive) batches are
loaded during at least the first ~ 10 years after introduction of advanced technologies.
- Second, as the UO2 spent fuel inventory gets depleted, the proportion of advanced batches may
become higher than the equilibrium proportion, which makes the fuel cycle cost larger than its
equilibrium value as LWR batches are cheapest.
Table 42 shows the highest fuel cycle costs values for the different fuel cycle options and the three
recycling capacity choices, with the dates corresponding to it. We showed earlier that UO2 spent fuel
separation is the largest cost center; thus, fuel cycle costs are quite sensitive to the price of UO2 spent fuel
separation and therefore the nominal capacity of spent fuel separation plants.
Table 42: Highest fuel cycle costs and corresponding dates (no subsidy) - Base case
Unit: mills/kWh LWR-CONFU LWR/ABR LWR/GFR
i) 15.5 (2035) 13.5 (2075) 11(2075)
ii) 13 (2055) 11.5 (2060) 11(2075)
iii) 11 (2090) 11 (2075) 10 (2085)
The subsidy mechanism described in Chapter IV makes the highest value of the fuel cycle decrease
slightly, as shown in Table 43.
Table 43: Highest fuel cycle costs and corresponding dates (with subsidy) - Base case
Unit: mills/kWh LWR-CONFU LWR/ABR LWR/GFR
i) 14.5 (2035) 12.3 (2075) 10.5 (2075)
ii) 12.3 (2055) 10.3 (2060) 10.3 (2075)
iii) 11(2090) 10 (2075) 9.3 (2085)
After this transient phase, equilibrium is reached only for recycling strategy (i) for the LWR-CONFU fuel
cycle option and for recycling strategy (ii) for the LWR/ABR option. For the LWR/GFR option,
equilibrium is reached for each recycling strategy. Table 44 provides fuel cycle cost values at equilibrium
for all fuel cycle strategies.25
25 When equilibrium is not achieved, no figure is displayed.
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Table 44: Fuel cycle costs at equilibrium (no subsidy) - Base case
Unit: mills/kWh LWR-CONFU LWR/ABR LWR/GFR
i) 10.5 - -
ii) 9 8
iii) - - -
The subsidy mechanism does not have a noticeable impact on the fuel cycle cost equilibrium value. The
simulations show that the subsidy mechanism decreases the height of the fuel cycle cost peak with money
collected before the introduction of the closed fuel cycle scheme.
V.D.l.c.iv. Average total production cost of electricity
We define the closed cycle cost margin presented in Figure 33 as the magnitude by which the average
total production of electricity (COE) can exceed the average total production cost of electricity for the
Once-Through cycle while remaining lower the maximum average total production cost of electricity for
the Once-Through cycle. Given the initial state of the fleet, the maximum average total production cost of
electricity for the Once-Through cycle is forecasted to occur between 2040 and 2045.
2025 2040 2055
Years
2070 2085 2100
Figure 33: Closed cycle cost margin for the total average production cost of electricity
Average total production costs of electricity for our three fuel cycle strategies and all choices of recycling
capacities are presented in Appendix C.
Because of the construction cost peak in 2045, the maximum COE is observed in 2045 for all fuel cycle
and recycling capacity choices; its value is 40.5 mills/kWh except for recycling capacity choice i) for the
LWR-CONFU option where it reaches 50 mills/kWh. The subsidy mechanism decreases the height of the
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peak but only marginally. In cases where equilibrium is achieved, the 2100 value of COE is around 40
mills/kWh; the corresponding value for the Once-Through cycle is around 37 mills/kWh.
V.D.1.d. Six-criterion evaluation
Our methodology for determining the optimal choices of fuel cycle option recycling capacities is based on
the examination of six criteria, which we introduced in Section V.A.
Recall that criterion #1 is the minimization of maximum TRU interim storage requirements. Criterion #2
is the achievement of equilibrium or the maximum reduction of TRU inventories in interim storage by
2100. Criterion #3 is the maximization of TRU masses incinerated in 2100, which we measure with TRU
masses "avoided" by 2100. Criterion #4 is the maximization of the construction date of the first recycling
plant. Criterion #5 is the minimization of spent fuel recycling construction requirements. Finally, criterion
#6 is the minimization of the maximum fuel cycle cost and its value in 2100.
For each criterion, we rank the nine strategies, defined by both the fuel cycle option considered and the
choice of recycling capacity. Results are presented in Table 45.26 In the last column, we calculated the
sum of its rankings and define the result as a tool for picking the optimal fuel cycle strategy and the
optimal size of recycling capacity. We use however the maximal reduction of TRU inventories in interim
storage as a first discriminating element before considering the ranking based on the final index.
Strategies that achieve equilibrium are written in bold in Table 45.
- If TRU incineration (criterion #3) is not considered, the optimum strategy is the LWR/GFR strategy
with 2,000 MT/yr separation plants: this strategy is indeed the cheapest fuel cycle option that
achieves equilibrium and with lowest recycling requirements.
- If, on the other hand, criterion #3 considered, then the optimum strategy is the LWR/ABR strategy
with 2,000 MT/yr separation plants and 100 MT/yr FFF reprocessing plants. Indeed, the LWR/GFR
strategy is penalized by its poor TRU incineration performance.
- With the choice of small recycling plants (1,000 MT/yr separation plants and 50 MT/yr FFF
reprocessing plants), the optimum is the LWR/ABR strategy. The LWR-CONFU strategy comes
second, and the LWR/GFR strategy goes third.
- With the choice of medium-size recycling plants (2,000 MT/yr separation plants and 100 MT/yr FFF
reprocessing plants), the optimum are either the LWR/GFR strategy or the LWR/ABR strategy,
depending on the emphasis put on TRU incineration. The LWR-CONFU strategy goes third.
26 ABRii represents for instance the LWR/ABR strategy with the choice of medium-size recycling capacities. Note
also that, strategies that achieved equilibrium are written in bold.
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- With the choice of large recycling plants (7,000 MT/yr separation plants and 200 MT/yr FFF
reprocessing plants), the optimum is the LWR/GFR strategy. The LWR/ABR strategy comes second,
and the LWR-CONFU strategy goes third.
Table 45: Ranking of strategies as a function of the criterion used - Base case
Criterion #1 #2 #3 #4 #5 #6 TOTAL
CONFUI 1 1 4 5 6 6 23
CONFU1 i 5 2 1 4 9 4 25
CONFUiii  9 7 6 2 7 2 33
ABRi 2 4 3 3 2 5 19
ABRiI 4 3 2 3 5 3 20
ABRiii 8 5 5 1 8 2 29
GFRi 6 6 8 3 3 2 28
GFRii 3 2 7 3 4 2 21
GFRiii 7 6 9 1 1 1 25
V.D.2. Low case scenario for the deployment of advanced technologies
In this new context for the case study summarized in Table 46, the construction capacities of spent fuel
recycling facilities are divided by a factor of 2 and the construction capacity of fast reactors increases
linearly from 3 GWe in 2040 up to 15 GWe in 2100.
Table 46: Construction capacity of reprocessing plants - Low case
Cm, for separation (MT/yr/yr) before 2040 125
Cm., for separation (MT/yr/yr) after 2040 250
Cm, for FFF reprocessing (MT/yr/yr) before 2040 10
c,,m for FFF reprocessing (MT/yr/yr) after 2040 20
V.D.2.a. Preliminary observations
For the LWR-CONFU and the LWR-ABR strategies, we first ran simulations using CAFCA II with the
same recycling capacity choices as in the base case scenario for the plants. No 200 MT/year plants are
ever built for the LWR-CONFU strategy with 7,000 MT/year separation plants; no 100 MT/year (resp.
200 MT/year) plants are ever built for the LWR-ABR strategy with 2,000 MT/year (resp. 7,000 MT/year)
separation plants. For the LWR-CONFU strategy with 2,000 MT/year, only two 100 MT/year plants are
built, one in 2065 and the other in 2090, although the CONFU technology is introduced as early as 2015.
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So, it appears that 50 MT/year is the only reasonable choice of unit capacity for FFF reprocessing plants.
The following paragraphs explain the reason behind it.
For the LWR-CONFU and the LWR/ABR strategy, for at least 9 years27, the first reprocessing plant built
reprocesses FFF spent fuel fabricated with TRU from UO 2 separation only. Only a minimum number of
separation plants running at full capacity can yield a sufficient FFF spent fuel production rate, which
corresponds to the minimum allowed input rate of FFF spent fuel reprocessing plant defined by the
minimum capacity factor of the plant. For a 60% minimum capacity factor, Table 47 shows the separation
capacity corresponding to the minimum input to FFF reprocessing plants
Table 47: Separation capacity associated with minimum FFF reprocessing plants input
FFF reprocessing capacity LWR-CONFU strategy LWR/ABR strategy
50 MT/year 1875 MT/year 2290 MT/year
100 MT/year 3750 MT/year 4580 MT/year
200 MT/year 7500 MT/year 9160 MT/year
For different sizes of separation plants, Table 48 shows the number of separation plants to be built to
achieve such separation capacity and the number of years one has to wait before this number of plants can
be built, assuming a construction capacity of 250 MT/yr/yr. The column on the left is for 1,000 MT/yr
facilities; the middle column is for 2,000 MT/yr facilities; the column on the right in for 7,000 MT/yr
facilities.
Table 48: Separation construction requirements to satisfy FFF reprocessing plants minimum input
LWR-CONFU strategy I LWR/ABR strategy
Separation capacity choices (MT/year)
FFF reprocessing capacity 1,000 2,000 7,000 1,000 2,000 7,000
50 MT/year 2 (8 yr) 1 (0 yr) 1 (0 yr) 3 (12 yr) 2 (16 yr) 1 (0 yr)
100 MT/year 4 (16 yr) 2 (16 yr) 1 (0 yr) 5 (20 yr) 3 (24 yr) 1 (0 yr)
200 MT/year 8 (32 yr) 4 (32 yr) 2 (56 yr) 10 (40 yr) 5 (40 yr) 2 (56 yr)
This analysis was performed assuming equilibrium conditions, i.e. not taking into account the
accumulation of FFF spent fuel that may supplement the equilibrium production of FFF spent fuel to be
used as input in FFF spent fuel reprocessing plants. It conveys however the intuition that lowering the
construction capacity of separation plants delays substantially the construction of the first FFF
reprocessing plant. With our timescale, no reprocessing plant may even be built.
27 This corresponds to the irradiation time of FFF pins in ABR and their required 6-year cooling period.
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Limiting the construction capacity of UO2 spent fuel separation plants makes it clearly sub-optimal to use
large plants rather than small (50 MT/year) modular FFF spent fuel reprocessing plants.
For the remainder of Section V.D, 50 MT/year reprocessing plants are used and only the unit capacity of
separation plants will vary. Recycling capacity choice i) designates a fuel cycle strategy using 1,000
MT/year separation plants, recycling capacity choice ii) is for 2,000 MT/year facilities, and recycling
capacity choice iii) is for 7,000 MT/year facilities.
V.D.2.b. TRU mass balance
Figures for TRU mass balance are presented in Appendix D.
For the LWR-CONFU strategy, the pace of spent fuel recycling is sufficient to reach equilibrium and stay
at equilibrium until 2080. Around 2080, for each recycling strategy, we see indeed that the mass of TRU
in spent fuel interim storage upstream of recycling plants goes back up again.
For LWR/ABR and LWR/GFR strategies; recycling strategy ii) achieves the optimal allocation of TRU in
the system compared to other recycling capacity choices: it maximizes TRU in Fast Reactors cores and
minimizes TRU in spent fuel interim storage upstream of recycling plants. For both strategies,
equilibrium is never achieved with this low case scenario for the deployment of spent fuel recycling
plants and advanced reactors.
Table 49 summarizes the maximum TRU interim storage requirements for the three fuel cycle options
under the three different recycling capacity choices.
Table 49: Maximum interim storage requirements for spent fuel (MTTRU) - Low case
LWR-CONFU LWR/ABR LWR/GFR
UO2 sf FFF sf HLW UO2 sf FFF sf HLW UO2 sf GFR sf HLW
i) 1,000 400 10 2,000 40 30 3,300 < 2 35
ii) 1,000 200 10 2,000 120 35 2,100 < 2 35
iii) 1,800 400 8 3,000 100 20 3,100 < 2 35
With spent fuel recycling, maximum needs of spent fuel interim storage are the same order of magnitude
as that in 2015 where UO2 spent fuel storage requirements are around 800 MTTRU. Of course, there is still
a lot of TRU in the system: in reactors cores first, and also in spent fuel cooling storage areas on reactors
sites. By 2100, the mass of TRU in spent fuel undergoing the cooling process is as shown in Table 50.
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Table 50: TRU in cooling storage in 2100 (MTTRU) - Low case
LWR-CONFU LWR/ABR LWR/GFR
i) ~ 3,000 -~ 3,500 -~ 2,800
ii) ~ 3,000 ~ 3,500 
-~ 3,000
iii) ~ 3,000 -~ 3,500 ~ 3,000
In 2100, TRU masses in reactors cores are distributed as shown in Table 51.
Table 51: TRU in reactors cores in 2100 (MTTRU) - Low case
LWR-CONFU LWR/ABR LWR/GFR
LWR cores LWR cores ABR cores LWR cores GFR cores
i) ~ 1,200 -~ 400 -~ 600 ~ 300 ~ 2,400
ii) - 1,500 -~ 500 -~ 1,500 -~ 500 ~ 3,000
iii) -~ 1,500 -~ 500 -~ 1,300 -~ 300 ~ 3,000
In 2100, TRU masses avoided with closed cycle strategies, as opposed to a Once-Through strategy, are
shown in Table 52.
Table 52: TRU masses avoided in 2100 (MTTRU) - Low case
LWR-CONFU LWR/ABR LWR/GFR
i) ~ 5,000 - 4,000 ~ 1,500
ii) ~ 5,000 - 3,200 ~ 2,000
iii) - 5,000 ~ 2,500 ~ 1,200
Unlike for the base case deployment of advanced technologies, where TRU masses avoided in 2100 with
the LWR-CONFU strategy and the LWR/ABR technology were somewhat comparable, Table 52 shows
that the LWR-CONFU strategy is much more efficient than the LWR/ABR strategy for reducing total
TRU inventories by 2100, as compared to the Once-Through strategy. Similarly to the base case scenario,
the LWR/GFR strategy is the least efficient for reducing total TRU inventories.
V.D.2.c. Spent fuel recycling plants
Figures on spent fuel recycling plants for the low case scenario are presented in Appendix E.
For the LWR-CONFU strategy and recycling capacity choice i), the capacity factor of separation plants is
equal to 1 until 2065: this corresponds to the end of the transience phase where equilibrium is achieved.
After 2065 and until 2080, equilibrium is maintained and the capacity factor drops below 1, reflecting the
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fact that not all the 7,000 MT/year separation capacity is needed at equilibrium. After 2085, the capacity
factor goes back up to 1, as the construction pace is too low to stay at equilibrium. For FFF spent fuel
reprocessing plant, the construction pace is sufficient for FFF spent fuel inventories to be reduced as soon
as they are created, which is proved by having the capacity factor under 100%. As seen for TRU balance,
changing the size of separation plants does not have a large impact on the fuel cycle system.
For the LWR/ABR strategy, equilibrium is not achieved and the construction of separation plants is
saturated, while the construction of FFF spent fuel reprocessing plants is not.
For the LWR/GFR strategy, equilibrium is not achieved and using large 7,000 MT/year separation plants
delays the construction of the first separation plant until 2060, whereas advanced technologies are
introduced as soon as 2040.
Furthermore, regardless of the fuel cycle option considered, for recycling capacity choices i) and ii), the
construction of the first separation plants occurs much sooner than for recycling capacity choice iii) with
largest separation plants. The reason for the substantial delay was explained earlier. Table 53 shows the
construction date of the first separation plant for every fuel cycle option and recycling strategy.
Table 53: Construction date of the first recycling plants - Low case
LWR-CONFU LWR/ABR LWR/GFR
U0 2 sf separ. FFF sf. repro UO2 sf separ. FFF sf. repro UO2 sf and GFR sf separ.
i) 2015 2045 2040 2050 2040
ii) 2015 2030 2040 2050 2040
iii) 2035 2045 2060 2070 2060
Table 54 shows spent fuel recycling capacities for the LWR-CONFU strategy under the three recycling
capacity choices by 2100.
Table 54: Spent fuel recycling capacities by 2100 - Low case
LWR-CONFU LWR/ABR LWR/GFR
UO2 sf separ. FFF sf. repro UO2 sf separ. FFF sf. repro UO2 sf and GFR sf separ.
i) 7,000 MT/yr 150 MT/yr 9,000 MT/yr 350 MT/yr 6,000 MT/yr
ii) 8,000 MT/yr 150 MT/yr 10,000 MT/yr 350 MT/yr 8,000 MT/yr
iii) 7,000 MT/yr 150 MT/yr 7,000 MT/yr 350 MT/yr 7,000 MT/yr
Interestingly enough, except for recycling capacity choice iii), spent fuel recycling capacities do not differ
much from spent fuel recycling capacities calculated earlier for higher construction capacity. The main
difference lies in the construction pace and how soon plants are built.
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V.D.2.d. Six-criterion evaluation
Remember that, for this scenario, small 50 MT/yr plants are always used. The ranks of the nine strategies
are given in Table 55. Recall that criterion #1 is the minimization of maximum TRU interim storage
requirements. Criterion #2 is the achievement of equilibrium or the maximum reduction of TRU
inventories in interim storage by 2100. Criterion #3 is the maximization of TRU masses incinerated in
2100, which we measure with TRU masses avoided in the system, as compared to the Once-Through
strategy. Criterion #4 is the maximization of the construction date of the first recycling plant. Criterion #5
is the minimization of spent fuel recycling construction requirements. Finally, criterion #6 is the
minimization of the maximum fuel cycle cost and its value in 2100.
- The LWR-CONFU strategy with 1,000 MT/yr separation plants and 50 MT/yr FFF reprocessing
plants is the optimal strategy. Indeed, there is only a 3 mills/kWh difference in fuel cycle cost with
the cheapest option (LWR/GFR strategy with large plants) but TRU inventories are considerably
more reduced than with other fuel cycle options, which illustrates the fact that, when recycling pace is
forecasted to be low, it is better to start recycling as soon as possible. This is a difference with the
previous case where the LWR/ABR or the LWR/GFR strategies with medium-size plants was found
to be optimal as the recycling pace was high enough.
Table 55: Ranking of strategies as a function of the criterion used - Low case
Criterion #1 #2 #3 #4 #5 #6 TOTAL
CONFUi 2 1 1 4 3 3 14
CONFUii 1 3 1 5 6 3 19
CONFUiii 6 2 1 3 3 3 18
ABRi 3 4 2 2 7 2 20
ABRii 5 4 3 2 8 2 24
ABRiii 7 6 4 1 4 2 24
GFRi 9 7 6 2 1 1 26
GFRii 4 5 5 2 5 1 22
GFRiii 8 8 7 1 2 1 27
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V.D.3. High case scenario for the deployment of advanced technologies
As shown in Table 56, the construction capacities of spent fuel recycling facilities are twice as large as for
the base case scenario and there is no constraint on the construction capacity of fast reactors. Note also
that FFF spent fuel reprocessing capacities for recycling capacity choices ii) and iii) are set back to their
original value, i.e. 100 MT/year and 200 MT/year.
Table 56: Construction capacity of reprocessing plants - High case
c.m for separation (MT/yr/yr) before 2040 500
Cm, for separation (MT/yr/yr) after 2040 1,000
Cm, for FFF reprocessing (MT/yr/yr) before 2040 50
c.m for FFF reprocessing (MT/yr/yr) after 2040 100
V.D.3.a. TRU balance
Figures for TRU balances under the high case scenario of spent fuel recycling plants deployment are
presented in Appendix F.
For the LWR-CONFU strategy, the pace of spent fuel recycling is sufficient to reach equilibrium in 2050
for recycling capacity choice i) and in 2080 for recycling capacity choice ii). For recycling capacity
choice iii), equilibrium is not achieved.
For the LWR/ABR strategy, the pace of spent fuel recycling is sufficient to reach equilibrium in 2080 for
recycling capacity choices i) and ii). However, the pace of spent fuel recycling is too low to maintain
equilibrium until 2100. For recycling capacity choice iii), equilibrium is not achieved.
For the LWR/GFR strategy, the pace of spent fuel recycling is sufficient to reach equilibrium in 2080 for
recycling capacity choices i) and ii). However, the pace of spent fuel recycling is too low to maintain
equilibrium until 2100. For recycling capacity choice iii), equilibrium is not achieved.
Table 57 summarizes the maximum TRU interim storage requirements for the three fuel cycle options and
for the three different recycling capacity choices.
Table 57: Maximum interim storage requirements for spent fuel (MTTRU) - High case
LWR-CONFU LWR/ABR LWR/GFR
UO2 sf FFF sf HLW UO2 sf FFF sf HLW UO 2 sf GFR sf HLW
i) 900 75 10 2,000 40 45 2,000 < 2 35
ii) 2,000 180 10 2,000 100 50 2,000 < 2 35
iii) 3,000 1,800 8 3,800 300 40 3,100 < 2 35
With spent fuel recycling, maximum needs of spent fuel interim storage are in the same order of
magnitude as what it is in 2015 where UO2 spent fuel storage requirements are around 800 MTTRU. Of
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course, there is still a lot of TRU in the system: in reactors cores first, and also in spent fuel cooling
storage areas on reactors sites. By 2100, the mass of TRU in spent fuel undergoing the cooling process is
shown in Table 58.
Table 58: TRU in cooling storage in 2100 (MTTRu) - High case
LWR-CONFU LWR/ABR LWR/GFR
i) ~ 3,200 ~ 3,700 ~ 3,500
ii) ~ 3,500 ~ 3,500 ~ 3,500
iii) ~ 2,800 ~ 4,200 ~ 3,200
In 2100, total TRU mass in reactors cores is shown in Table 59.
Table 59: TRU in reactors cores in 2100 (MTTRu) - High case
LWR-CONFU LWR/ABR LWR/GFR
LWR cores LWR cores ABR cores LWR cores GFR cores
i) ~ 1,500 -~ 250 -~ 750 -~ 200 ~ 3,800
ii) ~ 1,600 ~ 250 ~ 800 ~ 200 ~ 3,700
iii) -~ 2,000 ~ 250 ~ 1,000 ~ 200 ~ 4,000
In 2100, TRU masses avoided in the system when switching to a closed fuel cycle are shown in Table 60.
Table 60: TRU in cooling storage in 2100 (MTTRu) - High case
LWR-CONFU LWR/ABR LWR/GFR
i) ~ 5,600 - 5,500 ~ 2,800
ii) ~ 5,500 ~ 5,200 ~ 2,800
iii) ~ 3,000 ~ 4,000 ~ 1,500
V.D.3.b. Spent fuel recycling plants
Figures on spent fuel recycling plants for the high case scenario of spent fuel recycling plants deployment
are presented in Appendix G. Table 61 shows the construction date of the first separation plant for every
fuel cycle option and recycling strategy. This table illustrates again the delay phenomenon for the
construction of the: first separation plant, which occurs when largest 7,000 MT/year plants are used, under
recycling capacity choice iii).
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Table 61: Construction date of the first recycling plants - High case
LWR-CONFU LWR/ABR LWR/GFR
UO2 sf separ. FFF sf. Repro UO2 sf separ. FFF sf. repro UO2 sf and GFR sf separ.
i) 2015 2030 2040 2050 2040
ii) 2040 2055 2040 2050 2040
iii) 2060 2090 2060 2075 2060
Table 62 shows spent fuel recycling capacities for the LWR-CONFU strategy under the three recycling
capacity choices by 2100.
Table 62: Spent fuel recycling capacities by 2100 - High case
LWR-CONFU LWR/ABR LWR/GFR
UO2 sf separ. FFF sf. Repro UO2 sf separ. FFF sf. repro UO2 sf and GFR sf separ.
i) 11,000 MT/yr 150 MT/yr 11,000 MT/yr 400 MT/yr 9,000 MT/yr
ii) 12,000 MT/yr 200 MT/yr 10,000 MT/yr 400 MT/yr 8,000 MT/yr
iii) 7,000 MT/yr 400 MT/yr 21,000 MT/yr 400 MT/yr 14,000 MT/yr
V.D.3.c. Six-criterion evaluation
The ranks of the nine strategies are given in Table 63. Recall that criterion #1 is the minimization of
maximum TRU interim storage requirements. Criterion #2 is the achievement of equilibrium or the
maximum reduction of TRU inventories in interim storage by 2100. Criterion #3 is the maximization of
the construction date of the first recycling plant. Criterion #4 is the maximization of TRU masses
incinerated in 2100, which we measure with total TRU masses avoided when switching to a closed cycle
strategy. Criterion #5 is the minimization of spent fuel recycling construction requirements. Finally,
criterion #6 is the minimization of the maximum fuel cycle cost and its value in 2100. In Table 64,
strategies that achieve equilibrium before 2100 are written in bold.
- If the emphasis is not on the incineration of TRU in 2100, the optimum strategy is the LWR/GFR
strategy with 2,000 MT/yr separation plants: this strategy is indeed the cheapest fuel cycle option that
achieves equilibrium and with low recycling requirements. On the other hand, if the emphasis is on
the global reduction of TRU inventories, the optimum strategy is the LWR-CONFU strategy with
1,000 MT/yr separation plants and 50 MT/yr FFF reprocessing plants.
- With the choice of small recycling plants (1,000 MT/yr separation plants and 50 MT/yr FFF
reprocessing plants), the LWR-CONFU strategy is optimal, the LWR/GFR comes second and the
LWR/GFR strategies is third.
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- With the choice of medium-size recycling plants (2,000 MT/yr separation plants and 50 MT/yr FFF
reprocessing plants), the LWR/GFR strategy is optimal, the LWR-CONFU strategy comes second,
and the LWR/ABR strategy comes third.
- With the choice of large recycling plants (7,000 MT/yr separation plants and 50 MT/yr FFF
reprocessing plants), the LWR-CONFU strategy is optimal, the LWR/GFR and the LWR/ABR
strategies come third.
Table 63: Ranking of strategies as a function of the criterion used - High case
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V.E. Conclusion
Three recycling capacity choices are explored in this case study in the US context: recycling in thermal
Light Water Reactors using CONFU technology, recycling of TRU in fertile-free cores of Actinides
Burner Reactors, and recycling of TRU with U0 2 in self-sustaining Gas-cooled Fast Reactors. Recall that
the CONFU technology is introduced in 2015 while the GFR and the ABR technologies are introduced in
2040.
We introduced a three-factor methodology that allows comparing fuel cycle options in terms of advanced
technologies deployment efforts to achieve equilibrium and their 'potential' to achieve a reduction of
TRU inventories in interim storage.
These three factors are the equilibrium proportion of power produced by advanced fuel batches in the
system (F1), spent fuel recycling needs at equilibrium (F2), and the instantaneous marginal proportion of
power produced by advanced fuel batches, which needs to be introduced in the system at each time step,
in order to have TRU inventories in interim storage decrease.
- First, the equilibrium proportion of power produced by advanced fuel batches in the system (Fl) is
the highest for the LWR-CONFU strategy, around 70%, while it is 50% for the LWR/GFR strategy
and only 15% for the LWR/ABR strategy. Hence, at equilibrium, the LWR-CONFU strategy is the
most demanding in terms of advanced fuel fabrication plants deployment. The LWR-GFR strategy is
by far more demanding than the LWR/ABR strategy, in terms of fast reactors construction effort.
- Second, at equilibrium, spent fuel separation requirements (F2) are the highest for the LWR-CONFU
strategy, at 14 MT/yr/GWe, this figure goes down to 13 MT/yr/GWe for the LWR/ABR strategy and
to 11 MT/yr/GWe for the LWR/GFR strategy; FFF reprocessing requirements at equilibrium are 0.5
MT/yr/GWe for the LWR/ABR strategy, more than twice as high as what they are for the LWR-
CONFU strategy (0.2 MT/yr/GWe). Hence, as far as recycling needs at equilibrium are concerned,
the LWR/GFR strategy is less demanding than the two other strategies.
- Third, the LWR/ABR strategy has the highest potential for reducing TRU inventories in interim
storage (F3) because Actinide Burner Reactors have the highest TRU loading, measured in MT/GWe.
However, TRU inventories reduction may even occur with technologies with a net TRU destruction
equal to zero: for GFR for instance, the first cores of each newly built reactor are loaded with batches
made with TRU separated from UO2 spent fuel.
In regards to factors (F1) and (F3), the LWR-ABR strategy is therefore superior to other strategies and the
LWR-CONFU and the LWR/GFR strategies appear to be close. In regards to factor (F2), the LWR-GFR
strategy is the most advantageous. The LWR/ABR strategy relies more heavily on FFF reprocessing
120
services than the LWR-CONFU strategy does but the LWR-CONFU strategy makes a somewhat more
intensive use of U0 2 spent fuel separation services.
This three-factor methodology was also used as a tool to define optimal features of fast reactors for the
reduction of TRU inventories in interim storage. First, we found that a fleet of optimal fast reactors
should act as a distributed fleet of repositories with (1) a full TRU core loading, and (2) a TRU loading
per core and normalized in terms of reactor power, as high as possible. A surprising finding is that the
optimal conversion ratio is not necessarily needed to be as high as possible. It depends indeed on system
constraints on the fuel cycle:
- If system constraints concern the construction of fast reactors and spent fuel recycling plants, then the
conversion ratio should be as low as possible, i.e. the fast reactor should be a burner.
- If system constraints concern rather the construction of UO2 spent fuel separation plants, the optimal
conversion ratio is 1.
Second, we used CAFCA II to study the transition from today's inventory of spent fuel to equilibrium and
assess the implications of choices of (1) fuel cycle option, (2) capacity of recycling facilities, and (3)
deployment scenarios of advanced technologies.
- The CONFU technology is introduced in 2015, while fast recycling schemes are introduced in 2040.
- We considered three choices of capacities of recycling facilities:
o Small recycling plants are 1,000 MT/yr separation plants and 50 MT/yr FFF reprocessing plants.
o Medium-size recycling plants are 2,000 MT/yr separation plants and 100 MT/yr FFF reprocessing
plants.
o Large recycling plants are 7,000 MT/yr separation plants and 200 MT/yr FFF reprocessing plants.
- We considered three scenarios for the possible industrial construction rate of advanced nuclear
technologies:
o For the 'low case' deployment, the construction capacity of separation (resp. FFF reprocessing)
plants is 1:50 MT/yr per year (resp. 15 MT/yr per year) before 204028 and it doubles after 2040.
o For the 'base case' (resp. 'high case') deployment, the parameters become 250 MT/yr per year
and 25 MT/yr per year (resp. 500 MT/yr per year and 50 MT/yr per year) before 2040, after
which they are multiplied by a factor of two.
28 This means that, if a strategy with small recycling 1,000 MT/yr plants was pursued, one would need to wait for
around 7 years between the constructions of two such plants. If a strategy with medium-size recycling 2,000 MT/yr
plants was pursued, one would need to wait for around 13 years between the constructions of two such plants.
121
o In regards to the construction capacity of fast reactors, it grows linearly from 3 GWe per year in
2040 up to 15 GWe per year in 2100 for the 'low case' deployment. For the 'base case'
deployment, it grows linearly from 10 GWe per year in 2040 up to 30 GWe per year in 2100. For
the 'high case' deployment, there is no constraint on the construction of fast reactors. The
purpose of this sensitivity analysis was to assess the construction effort of advanced technologies
that would be required to achieve, for instance, certain levels of (1) reduction of TRU inventories
in interim storage and (2) TRU incineration.
For each deployment scenario, the implications of the choices of fuel cycle option and recycling plants
capacities are quantified in terms on infrastructure implications for advanced reactors and spent fuel
recycling plants, HM and TRU balance, and fuel cycle costs and average total production cost of
electricity. Optimum choices of fuel cycle option and recycling capacities are then determined using a
ranking methodology based on a six-criterion approach.
- Criterion #1: minimization of maximum inventory of TRU in interim storage.
- Criterion #2: achievement of equilibrium and minimization of 2100 TRU inventory in interim storage.
Equilibrium is indeed considered in our study a way of measuring optimality as it minimizes the
burden due to spent fuel interim storage and re-allocates TRU in the most proliferation-resistant areas,
i.e. reactors cores and cooling storage areas, where spent fuel is still too 'hot' to be handled.
- Criterion #3: maximization of cumulative TRU incinerated by 2100.
- Criterion #4: minimizing the need for early recycling by delaying the construction of the first spent
fuel recycling plant. Because of the time value of money and technological progress, we are better off
delaying the investment in a capital-cost intensive recycling program.
- Criterion #5: minimizing saturation periods of the construction capacity of recycling plants. This
criterion measures how capital intensive (in terms of recycling plants) the strategy is.
- Criterion #6: minimizing the maximum fuel cycle cost and its value in 2100.
First, if the criterion #3 of TRU incineration is not used, our results show that the optimum choice of fuel
cycle option and recycling capacities depends strongly on the deployment of advanced technologies.
- For the low case scenario of deployment, the optimum strategy is the LWR-CONFU strategy with
1,000 MT/year separation plants and 50 MT/year FFF reprocessing plants. This shows that, although
the LWR-CONFU strategy is worse than the two other strategies (based on the three-factor
evaluation), the earlier introduction date of the CONFU technology makes it more efficient than fast
recycling schemes in terms of reduction of TRU inventories in interim storage by 2100.
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- For base case and high case scenarios, the optimum strategy is the LWR/GFR strategy with 2,000
MT/year separation plants. This difference in the outcome of the simulations shows that recycling of
UO2 spent fuel can wait if recycling pace is anticipated to be large enough for equilibrium to be
reached in the medium-term, or, conversely, that recycling of U0 2 spent fuel should start as early as
possible if anticipated recycling pace is low.
However, if total incinerated TRU in 2100 are taken into account in the evaluation of fuel cycle strategies,
the optimum changes and the LWR/GFR strategy is never an optimum as it is penalized by its absence of
TRU incineration. The LWR/ABR and the LWR-CONFU strategies were found to have comparable
achievements in terms of TRU incineration and total TRU inventories reduction.
- For the base case scenario of deployment, the optimum strategy is the LWR/ABR strategy with 2,000
MT/year separation plants and 100 MT/year FFF reprocessing plants.
- For low case and high case scenarios, the optimum strategy is the LWR-CONFU strategy with 1,000
MT/year separation plants.
Second, CAFCA II simulations helped quantifying the trade-offs that exist for problems of optimal plant
sizes:
- Trade-off between "modularity" and "foregone opportunities in case of a market boom" for the
LWR/GFR strategy, for which the choice of medium-size recycling capacity is always more optimal
than the choice of small plants.
- Trade-off between "large facilities" and "largest risk exposure to a market slow growth" as, for the
LWR-CONFU and the LWR/GFR strategies, only 50 MT/year FFF reprocessing plants are built for
the lowest deployment scenario of advanced technologies.
- Trade-off between "modularity" and "economies of scale", reflected in the decrease of fuel cycle cost
when capacities of recycling plants increase.
Finally, the cheapest recycling capacity choice is never optimal in the US context. There would be rather
large production cost gains with choosing largest facilities, especially for FFF spent fuel reprocessing
plants, in the case: of the LWR-CONFU and the LWR/ABR strategies. Cheapest but largest recycling
plants could become optimal if spent fuel production rate upstream of recycling plants increases
sufficiently and, at the same time, advanced technologies are deployed on a large enough magnitude for
the demand for recycling services to be large enough. In the context of this case study, these two
conditions are determined by user-specified parameters; nothing can therefore be done at a domestic level.
On a multi-national level however, multi-regional collaboration for nuclear spent fuel recycling would
increase the size of the fuel cycle system and therefore would boost spent fuel production rate upstream of
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recycling plants and construction capacities. In these conditions, it is expected that recycling plants with
the lowest construction cost per unit of capacity installed could become optimal.
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Chapter VI. Model for Multi-Regional TRU Management
VI.A. Today's MOX and spent fuel recycling markets
VI.A.1. The MOX market
MOX fuel is a blend of uranium oxide and the oxide of recycled plutonium obtained after PUREX
separation is applied to UO2 spent fuel. It is so far the only type of advanced fuel fabricated with recycled
materials that is used on an industrial scale. Similarly to the CONFU technology, the use of MOX in
Light Water Reactors does not change the operating characteristics of the reactor, though the plant must
be designed or adapted slightly to take it. MOX is also used in fast neutron reactors in several countries,
particularly France and Russia. It was first developed for this purpose, with experimental work being
done in the USA, Russia29, UK, France, Germany, Belgium, and Japan. Hence MOX can be used as part
of spent fuel recycling programs in both fast and thermal reactors.
Today, MOX is used in Europe: over 30 reactors in Belgium, Switzerland, Germany and France are using
MOX and a further 30 GWe in the world have been licensed to do so. [20] Even in the US, a country with
an open fuel cycle policy, MOX fabrication is planned, as part of a non-proliferation program: the US
government has agreed to dispose of 34 tons of weapons-grade plutonium by 2014; the construction of
MOX fabrication facility was approved by the US Nuclear Regulatory Commission in 2005.
On the supply-side of the MOX fabrication industry, which is detailed in Table 64, the installed capacity
of MOX fabrication plants was 305 MT per year in 2004. A 100 MT per year plant in Japan is in the
construction stage, Russia and the US are planning to build a MOX fabrication plant, and Areva filed an
application to expand the capacity of its MELOX plant up to 195 MT per year.
29 Russia plans to build a new generation of fast reactors fueled with MOX. The world's largest fast reactor - the 800
MWe BN-800 - is currently under construction at Beloyarsk.
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Table 64: The MOX fabrication industry
Company Installed capacity (MT per year)
Areva-MELOX (France) 145
Belgonucleaire-Dessel (Belgium) 40
BNFL-Sellafield (UK) 120
TOTAL 305
By 2010 it is expected that MOX fuels will be used in 45 reactors in Europe, together with 16-18 in Japan,
and possibly five in Russia and six in the US.
VI.A.2. The spent fuel recycling market
There are three main sources of plutonium for the fabrication of MOX: plutonium obtained from the
reprocessing of spent fuel, plutonium inventories, and, potentially, plutonium for the dismantlement of
nuclear warheads. We will concentrate on the first source of plutonium only.
As of 2004, the worldwide nominal capacity of oxide fuel civilian reprocessing was 3,000 MT per year
with an additional 800 MT per year under initial operation30 , as shown in Table 65.
Table 65: The spent fuel recycling industry
Installed capacity (MT/year) 2004 Production (MT/year)
La Hague (Areva) 1,700 1,100
Sellafield (BNFL) 900 600
Chelyabinsk (Rosatom) 400 150
SUB-TOTAL 3,000 1,850
Rokkasho-Mura (JNFL) 800 0
TOTAL 3,800 1,850
VI.A.3. First-mover and second-mover fuel cycle countries
Table 66 summarizes who the actors are on the demand-side and the supply-side of both the MOX and the
spent fuel recycling markets.31 Table 66 illustrates the fact that, closing the fuel cycle at an industrial level
is a three-step process, where 'Step A' is the introduction of advanced reactor technologies, 'Step B' is
30 The Rokkasho-Mura plant in Japan will begin trial plutonium operation by April 2006.
31 The superscript * indicates planned facilities, as opposed to existing facilities.
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the introduction of advanced fuel fabrication capabilities and 'Step C' is the introduction of recycling
capacities.
For the first-mover region, which we call Region A, closing the fuel cycle requires accomplishing
successfully all steps at the same time. For a second-mover region willing to have a closed fuel cycle,
which we call Region B, if externalization of spent fuel recycling and advanced fuels fabrication is
possible in Region A, then it is possible to delay 'Step B' and 'Step C': 'Step A' is the first one to be
pursued, before 'Step B' and 'Step C'.
Table 66: Actors on MOX and spent fuel recycling markets
MOX users MOX suppliers LWR spent fuel recycling
France France France
Belgium Belgium
a.
o Switzerland
Germany
UK UK
Japan Japan* Japan*
Russia* Russia* Russia*
US* US*
In Europe, Table 66 shows that France belongs to thefirst-mover category and is the only country to have
developed industrial capacities in all domains while Switzerland and Germany stopped at 'Step A', and
Belgium stopped at 'Step B'. Considering the case of Japan and European countries besides France, it
appears possible that, for a second-mover region, the incremental approach to closing the fuel cycle is
introducing first advanced reactors then advanced fuel cycle technologies (spent fuel recycling and
advanced fuel fabrication), even tough the process can stop at any step. The UK has had an opposite
approach as it does not use the MOX technology in its reactors but provides both spent fuel recycling
services, which are used for domestic and foreign needs and MOX fuel fabrication services, which are
used for export only.
VI.B. Multi-region model for mass flows and infrastructures construction
The single-region model of CAFCA II has been expanded to simulate the nuclear fuel cycle in a multi-
regional context for up to three regions.32 For each region, the same parameters as for the single-region
32 We call region a country or a cluster of countries.
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model need to be specified. A region is characterized by its power demand, its initial legacy of UO2 spent
fuel, and its initial LWR fleet. In all regions, a once-through cycle with traditional Light Water Reactors
is pursued until the introduction of advanced technologies. Available fuel cycle options for simulations
using CAFCA II are the LWR-CONFU, the LWR/ABR, and the LWR/GFR options.
In our multi-region model, each region is characterized by two dates, YI and Y2, which we define as
follows:
- Y, is the date at which the first advanced fuel batches could be loaded in advanced reactors cores;
- Y2 is the date at which the first spent fuel recycling plant and advanced fuel fabrication plants33 could
be introduced in the system.
Note that, in the one-region model, we had necessarily Yj = Y2. The distinction between Y, and Y2 is
introduced to make a difference between first-mover and second-mover fuel cycle regions. Y, = Y2= Y
characterizes a first-mover; while Y2 - Y, for a second-mover. If all the regions are totally independent
from each other, then all of them arefirst-mover regions.
From a technical viewpoint, as all variables in CAFCA II are represented with matrices, simulating the
nuclear fuel cycle for n independent regions requires only adding to matrices one coordinate that
represents each region; there is only a technical difficulty with the forecasts model using feedback
algorithms, which is covered in Appendix H.
CAFCA II makes it possible to simulate the nuclear fuel cycle for two inter-dependent regions, between
which transfers of nuclear materials are possible. In this study, we do not concentrate on nuclear materials
transfers at the front-end of the uranium fuel cycle: transfers of uranium ore, uranium hexafluoride,
enriched uranium, and pins of uranium dioxide fuel are not tracked. We chose rather to concentrate on
transfers of nuclear spent fuel and advanced fuels containing recycling TRU ready to be loaded in reactors.
VI.B.1. Definition of inter-regional transactions
Let Region A be a first-mover region and Region B be a second-mover or a once-through region, with
their associated dates of introduction of advanced technologies YA, yB and Y2B, with A I B 2B
necessarily. The first-mover region pursues either a once-through cycle (OT) before 314 or a fully closed
cycle (FCC) after YF. The second-mover region pursues a once-through cycle before }B, a partially
33 This definition of Y2 translates the fact that we do not consider 'Step B' and 'Step C' independently from each
other in our model. Spent fuel recycling and advanced fuel fabrication technologies are assumed to go together.
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closed cycle (PCC) between Band a Y2 ,and a fully closed cycle after Y2B . Table 67 describes the
transactions possible in our model from one region to the other, depending on the date t.
Table 67: Transfers of nuclear materials modeled in CAFCA II
A B
OT OT
FCC' OT
Transaction types
From B to A From A to B
No transaction No transaction
Type-i transaction: "No
collaboration"
"B transfers its spent fuel to A as No transaction
soon as it is generated and B
relinquishes spent fuel title".
Type-2 transactions: "Limited collaboration"
Facilities for spent fuel recycling and advanced fuel fabrication remain under Region A's ownership after
Type-2.1 transaction: Type-2.2 transaction:
"B externalizes recycling and "Fuel fabricated with recycled
y st < y2B FCC: PCC advanced fuel fabrication in materials from type-2.1 transaction
facilities owned by A; B keeps are transferred back to B"
spent fuel title"
Y2B <t FCC' FCC No transaction No transaction
Type-3 transactions: "Collaborative Closed Cycle" (CCC)
Region A's existing facilities for spent fuel recycling and advanced fuel fabrication are converted into
multi-regional facilities co-owned by Regions A and B. Region B commits not to build advanced fuel
cycle facilities on its own, i.e. Y2B = 00. Regions A and B build new facilities jointly and they blend spent
fuel inventories after B. For sake of simplicity, we assume that the regional spent fuel storage center is
located in Region A, as well as all the advanced fuel cycle facilities.
Type-3.1 transaction: Type-3.2 transaction:
"Region B sends spent fuel to the "Fuel fabricated with recycled
regional spent fuel interim storage materials from the co-owned spent
<;B t CCC CCC
center located in Region A. Region fuel are sent to Region B"
A and Region B have equal title on
this spent fuel"
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t < YA
yA B <yE
-I'
At present, there is no international market for spent fuel storage or spent fuel disposal. Type-1
transactions ("No Collaboration") have been modeled to illustrate the impact of the "fuel-leasing/fuel
take-back" concept developed by the International Atomic Energy Agency (IAEA) on TRU inventories of
the fuel-leasing State, i.e. Region A in our model: "The leasing State provides the fuel through an
arrangement with its own nuclear vendors. [...] The leased fuel, once removed from the reactor and cool
down, could [...] be returned to its country of origin which owns title to it." [6]
Type-2 transactions ("Limited Collaboration") have been implemented to model the current situation on
the markets of spent fuel recycling and advanced fuels fabrication, where second-mover regions, such as
Belgium, buy advanced fuel cycle services from first-mover regions, such as France.
In our model, second-mover regions do not have "assurance of supply and services": as Region A has
control of the TRU supply, Region A has precedence over Region B to be supplied with TRU. In our
model, Region B's spent fuel is recycled when Region's A TRU demand is lower than Region A's TRU
supply. Region B has no assurance of supply and services.
For the LWR-CONFU fuel cycle strategy, the absence of assurance is not as great of a concern as it is for
strategies with fast reactors. Indeed, traditional LWR batches can be loaded in Light Water Reactors
instead of CONFU batches: fast reactor recycling scheme do not have this flexibility. For fast reactor
schemes, absence of assurance of supply and services would make the construction of fast reactors too
risky for anyone to be willing to invest in these reactors.
Type-3 transactions ("Collaborative Fuel Cycle") have been implemented to illustrate the impact of
multi-regional collaborative approaches on a reduction of TRU inventories in interim storage.
"Conversion of existing national facilities to multinational facilities" and "construction of new joint
facilities" are two of the three options at the basis of the multilateral approaches to the nuclear fuel cycle
that the IAEA concentrated on.34 In CAFCA II, these two options are combined. In the IAEA report, two
factors dominate the assessment of multilateral approaches to the nuclear fuel cycle: "assurance of non-
proliferation" and "assurance of supply and services". Proliferation-related considerations are not
modeled in CAFCA II.
The assurance of supply and services under scenario 2 are embedded in our model of TRU supply
distribution between Region A and Region B. As opposed to scenario #1, TRU supply has to be
distributed between Region A and Region B: Region A has no precedence. Our model for the distribution
of TRU supply between owners of advanced fuel cycle facilities mimics what happens to debt holders
when a company cannot pay what it owes on its debt and goes bankrupt: each debt holders gets a fixed
34 The third one is "assurances of services not involving ownership of facilities" (IAEA, 2005)
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proportion of what he/she was owed. Let TRUd be Region A's TRU demand, TRUd be Region B's TRU
demand, TR Ud be the total TRU demand and TRU s be the total TRU supply. Region A has a right to be
supplied with TRU. -min(TRUs/TRUd,1) and Region B has a right to be supplied with
TRUf .min(TR Us / TRUd ,1) .
The collaboration between Region A and Region B increases the construction capacity of spent fuel
recycling facilities. In our model, the recycling plants construction capacity of Regions A and B with
collaboration is the same as Region A's construction capacity except that decommissioned recycling
plants can now be replaced without "consuming" construction capacity.
VI.B.2. Advanced technologies deployment and inter-regional transactions
Recall that, in this study, we are interested in assessing the impact of inter-regional transactions on the
reduction of global TRU inventories in interim storage.
Type-1 transactions increase the UO2 spent fuel production rate upstream of separation facilities in
Region A. Separation of this transferred UO2 spent fuel is constrained by two factors: (1) Region A's
construction capacity of separation facilities and (2) the domestic demand of TRU. The domestic demand
of TRU depends for all fuel cycle strategies on the power growth rate in Region A, and also on the
construction capacity of fast reactors for LWR/ABR and LWR/GFR strategies in Region A.
Type-1 transactions would have a positive impact on the overall reduction of TRU inventories in interim
storage only if, under a scenario without transaction, the construction capacity of separation plants and the
TRU loading capacity are not saturated at the same time. Indeed, type-1 transactions have no impact on
the construction capacity of recycling plants in Region A. Thus, if the pace of recycling in Region A or
the pace of advanced reactor construction are too low, type-1 transactions entail a pure transfer of spent
fuel storage burden from Region B to Region A.
Type-2 transactions under scenario #1 increase the demand of spent fuel recycling services that are
provided by fuel cycle facilities operated and owned by Region A. Recycling of the spent fuel transferred
is constrained by two factors: (1) Region A's construction capacity of recycling facilities (separation and
FFF reprocessing) and (2) the total demand of TRU. In CAFCA II, this scenario translates into having the
maximum construction capacity of spent fuel recycling facilities unchanged in Region A after Y1 j.
Type-2 transactions may have a positive impact on the overall reduction of TRU inventories in interim
storage only if, under a scenario without transaction, the construction capacity of separation plants is not
always saturated. Indeed, type-1 transactions have no impact on the construction capacity of recycling
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plants in Region A. Thus, if the deployment of recycling facilities in Region A is not large enough, type-2
transactions would never occur.
Type-3 transactions under scenario #2 increase the demand of spent fuel recycling services. Recycling of
this transferred spent fuel is constrained by two factors: (1) construction capacity of recycling facilities
(separation and FFF reprocessing) with collaboration between Region A and Region B and (2) the total
demand of TRU.
VI.C. Economic model for inter-regional transactions
Our model for fuel cycle costs is the same as in the one-region model. Fuel cycle costs do not change
from one region to the other; transportation costs and agency costs are neglected. Hence Region A and
Region B pay the same price for each fuel cycle service performed on nuclear materials they own,
regardless of where it is provided.
Under type-1 transactions, Region B transfers its spent fuel to Region A as soon as it is generated and
Region B relinquishes spent fuel title. In our model, prices of type-1 transactions, i.e. fuel-leasing/fuel
take-back agreements, need to be defined.
For illustrative purposes, let's consider the following problem at time T. For a = A or B, let ca be the cost
of interim storage in Region a for 1 kg of spent fuel, in dollars per year. Let Ta be the number of years
until spent fuel recycling could start in Region a and ·n, be the annual probability that 1 kg of spent fuel is
recycled after Ta. Note that Ta = 0 if the recycling program already started. Let Ra be the dollar value of
the utility obtained from recycling of 1 kg of spent fuel. Let ra be the discount rate in Region a. The value
V, that Region a attaches to ownership of 1 kg of spent fuel is:
T-cI Go 
-C 1 ;r -R,)ra-CS-1 _ca  + -a • Ra - (1- za).c a  _-c a   z• a + ;• .ca  (6.1)Va -C, ,or Va -( . )
t=0o (1 + ra) t= T (1 + ra) ra (1 + ra)Ta ra
Equation (6.1) above shows that Va decreases with Ta as a -Ra + za -ca > 0. Under the assumption that
all things are the same for Region A and Region B, except that TA < TB, we have therefore VA > VB.
Region A values 1 kg of spent fuel more than Region B does. With costs of transportation cera,, from B to
A, we conclude that the maximum price that Region A is willing to pay for 1 kg of spent fuel from
Region B is Pmax = VA- C.s, and the minimum price that Region B is willing to accept is pmin = VB. A
transaction may occur only if pn > Pfi,, which translates into:
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1 1 ] .R+ z. c
- -R+ cers. (6.2)(1l+ r)TA (l+r) rrans
Equation (6.2) shows that, the further we are from the beginning of the recycling program in Region A, i.e.
the larger TA is, the less likely the inequality will hold. This is why we chose to start type-1 transactions
only when after the beginning of the recycling program in Region A. Thus TA = 0, and the inequality
becomes:
17rR - B trans(1 l+ r)TB r
This equation shows that, the closer we are to the beginning of the recycling program in Region B, i.e. the
smaller TA is, the less likely the inequality will hold. We chose however to stop type-1 transactions only
after the beginning of the recycling program in Region B.
The maximum price that Region A is willing to pay becomes therefore:
Pmax = R-(1 trans
r
The sign of .-R -- (1 - ) -c depends on the value of ni, which is the annual probability that spent fuel will
be recycled; 71 is therefore a measure of the efficiency of recycling programs.
If n is close to 0, the inequality ;i -R-(1- ir). c < 0 holds and Region A and Region B value negatively
the ownership of spent fuel. Region B would have to subsidize Region A for Region A to be willing to
acquire Region B's spent fuel. Thus, -pmax is the minimum subsidy that Region A is willing to accept to
import Region B's spent fuel.
If 71 is close to 1, Region A may be willing to pay to acquire Region B's spent fuel. For illustrative
purposes, consider for instance that the recycling program with fast reactors in Region A is very efficient
and equilibrium has been achieved. From the viewpoint of Region A, Region's B spent fuel is a source of
energy more than a storage burden.
This discussion shows that Pm,, could be negative or positive, depending on how Region A views Region
B's spent fuel, i.e. as an additional storage burden or as a source of energy.
The minimum price that Region B is willing to accept is:
-c if R+c
P~in = + +
r (1+ r)TB r
Under the condition that Region B does not plan to launch a recycling program at any time in the future,
we have T, = oo hence pmin= -c /r < 0. Region B may therefore be willing to subsidy or bribe Region A
for acquiring its spent fuel. If, on the other hand, Region B plans to recycle its spent fuel in the future, we
may very well have Pmin > 0, depending on the values of TB and 7n.
A transaction occurs only ifpmax > Pmin. Hence three configurations may occur:
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- If pmin > 0, a transaction would occur at a positive price. Region A is willing to pay Region B for
acquiring its spent fuel;
- If Pm, <0, a transaction would occur at a negative price. Region B is willing to pay Region A for
exporting its spent fuel;
- If Pmin <0 and Pmax > 0, a transaction would occur at either a negative or a positive price. This is
likely to occur if Region B has a Once-Through cycle hence sees spent fuel purely as a burden, and if
Region A has an aggressive recycling program, has scarce resources of spent fuel hence sees Region
B's spent fuel as a source of energy to fuel its fast reactor fleet.
In our model, for sake of simplicity, we set the price of type-i transactions at 0.
VI.D. Conclusion
First, we reviewed the current state of the MOX fabrication and the spent fuel recycling industry. This led
us to defining three types of regions, depending on their nuclear fuel cycle policy. First-mover regions
willing to pursue a closed fuel cycle need to deploy advanced reactor technologies, spent fuel recycling
technologies, and advanced fuel fabrication technologies at the same time while second-mover regions
willing to pursue a close fuel cycle may adopt an incremental approach by first introducing advanced
reactors technologies and externalize spent fuel recycling and advanced fuel fabrication in regions that
already have the technology, and second introducing, if they are willing to do so, spent fuel recycling and
advanced fuel fabrication technologies. In the third category are once-through cycle regions, which do not
plan to pursue a closed cycle in the near future.
We defined three types of transactions between first-mover and second-mover regions.
First, type-1 transactions entail the transfer of the spent fuel from one region to the other, with the first
one relinquishing spent fuel title and the second one claiming it; these transactions are done at no cost in
case the second region is either a first-mover or a second-mover region.
Second, type-2 transactions occur between two regions that do not fully collaborate at the fuel cycle back-
end. Second-mover regions externalize recycling and advanced fuel fabrication in first-mover regions and
the facilities that deliver these fuel cycle services remain under the ownership of first-mover regions; this
is a scenario without collaboration.
Third, type-3 transactions occur between two regions that fully collaborate at the back-end of the fuel
cycle. Interim storage areas, existing spent fuel recycling facilities and advanced fuel fabrication facilities
are converted into multi-regional facilities, i.e. are owned and operated by all the region that use their
services; this is a scenario with full collaboration and Region A and Region B both have spent fuel title
for the whole spent fuel in storage.
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Chapter VII. Optimizing Recycling Strategies in a Multi-Regional Context
VII.A. Introduction
In the one-region context, we had introduced two elements of choice for optimization of fuel cycle
strategies: the choice of closed cycle strategy and the choice of spent fuel recycling plants nominal
capacity, in order to take advantage of economies of scale that go with increasing nominal capacity. In a
multi-regional context, there is a third element of choice: entering a partnership with another region. We
concluded indeed in Chapter V that multi-regional partnerships may yield substantial economies of scale
by increasing the optimal nominal capacity of spent fuel recycling facilities.
In this case study, we consider two regions: a first-mover region, Region A, representing the US, and a
second-mover region, Region B, representing Brazil, Mexico, and Indonesia. Since we studied the US in
the single-region model, it was natural to try to assess the impact of bi-lateral partnerships on the US
conditions. The choice of Region B was driven by the fact that this cluster of countries is forecasted to
have its nuclear installed capacity grow from 3 GWe in 2005 up to 75 GWe in 2050. At the same time,
the US are forecasted to grow from 100 GWe in 2005 up to 300 GWe in 2050. Given the size of the US
fleet, only the aggregation of Brazil, Mexico, and Indonesia may have an impact on the US conditions,
which each country taken independently could not have. Aggregating Brazil, Indonesia, and Mexico does
not entail that these three countries have a co-managed nuclear fuel cycle: they would take decisions
independently from each other. However, from the point of view of the US, it is as if the three countries
were in fact one region.
Region A plans to close its nuclear fuel cycle in the near future and has the ability to do so on its own.
Region B is also willing to close its fuel cycle but it may find advantages in relying on Region A's
capabilities. We define three scenarios of collaboration between these two regions and compare these
scenarios with the scenarios where the two regions are isolated from each other. Scenario #1 was modeled
to assess the implications of the "Fuel-leasing/fuel take-back" concept. Scenario #2 is a scenario with
"Limited Collaboration" at the back-end fuel cycle, where countries externalize spent fuel recycling and
advanced fuel fabrication in countries that have these technologies. Under scenario #3, Region A and
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Region B fully collaborate at the fuel cycle back-end: spent fuel inventories and advanced fuel cycle
facilities are co-owned.
CAFCA II simulations for the one-region case study in the US context showed that the least expensive
recycling capacity choice is never optimal. There would be rather large production cost gains with
choosing to build largest facilities, especially for FFF spent fuel reprocessing plants, in the case of the
LWR-CONFU and the LWR/ABR strategies. The purpose of this two-region case study is therefore
three-fold:
- Optimizing the choice of fuel cycle option and recycling plants nominal capacities for each
partnership scenario;
- Optimizing the choice of partnership scenario;
- Assessing if and to what extend bi-lateral partnerships allow taking advantage of the economies of
scale that go with increasing the size of recycling facilities.
For the optimization, the same six-criterion methodology we introduced earlier to evaluate strategies in
the one-region model is used. The same method is used to choose an optimum partnership scenario.
VII.B. Definition of regions
VII.B.1. Region A representing the US
In this case study, Region A represents the US and CAFCA UI parameters are the same as for the one-
region case study. As a reminder, Table 68 gives the introduction date of advanced technologies in
Region A. In the one-region case study, we studied three scenarios for the deployment of advanced
technologies.
We underlined in Chapter VI that inter-regional transactions might have noticeable effects on the
reduction of global TRU inventories in interim storage only if the deployment of spent fuel recycling
facilities and fast reactors is steady enough. In the low-case scenario for the development of advanced
fuel cycle facilities and fast reactors, our simulations in the one-region context showed that their
construction capacity was always saturated. For the central-case scenario, the construction capacity of
spent fuel recycling plants was always saturated for the LWR/GFR strategy. The high case scenario for
the deployment of advanced technologies is therefore used to assess how much of additional recycling
capacity, compared to the base case, is needed for transactions to occur under the "Fuel-leasing/fuel take-
back" scenario and the "Limited Collaboration" scenario. The parameters for the large case deployment
of advanced technologies are shown in Table 68 and Table 69.
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Table 68: Introduction date of advanced technologies in Region A
Introduction date of advanced technologies
LWR-CONFU strategy 2015
LWR/ABR strategy 2040
LWR/GFR strategy 2040
Table 69: Construction capacity of advanced technologies in Region A
Construction capacity of separation plants (MT/yr/yr) before 2040 500
Construction capacity of separation plants (MT/yr/yr) after 2040 1000
Construction capacity of FFF reprocessing plants (MT/yr/yr) before 2040 50
Construction capacity of FFF reprocessing plants (MT/yr/yr) after 2040 100
Construction capacity of Fast Reactors (GWe/yr) oo
VII.B.2. Region B representing Brazil, Indonesia, and Mexico
VII.B.2.a. Power demand
The 2003 MIT study uses a growth scenario for Brazil, Indonesia, and Mexico, where the total nuclear
installed capacity of these three countries reaches 75 GWe in 2050. The present nuclear installed capacity
in Brazil is 1,896 MWe, it is 1,360 MWe in Mexico and there are no power plants in Indonesia. In the
MIT scenario, nuclear installed capacity grows from around 3 GWe up to 75 GWe in 45 years; this is
7.4% annual growth rate, to be compared with the 2.47% annual growth rate for Region A's fleet. With an
initial 3 GWe nuclear installed capacity and a 7.4% annual growth rate, an exponential model for installed
capacity forecasts shows that Region A's installed capacity and Region B's installed capacity become
equal in 2083, at 630 GWe; the 2100 installed capacity would be 3,115 GWe in Region B and 1,074 GWe
in Region A. As the 17-year increase from 630 GWe up to 3,115 GWe does not appear to be reasonable in
50 years, Region B's installed capacity after 2083 is set to be equal to Region A's installed capacity that
grows at 2.47% annually, as showed in Figure 34.
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Figure 34: Installed capacity in Region A and Region B
VII.B.2.b. Initial LWR fleet
The initial nuclear installed capacity in Region B is 3 GWe. In our model, the power of one LWR is 1
GWe. Because of the growth rate in Region B, the impact of the construction schedule of Light Water
Reactors is very limited. We assume in our model that one reactor has been built every 3 years during the
last 9 years; if 2005 is the starting date of the simulation, construction of reactors occurred in 2003.5,
2000.5 and 1997.5.
VII.B.2.c. Initial UO2 spent fuel inventory
Given the construction schedule of existing reactors and the 25 MT mass of an annual discharged LWR
spent fuel, the initial U0 2 spent fuel inventory is around 250 MT.
VII.C. Definition of scenarios
VII.C.1. Scenario #1: "Fuel-leasing - fuel take-back"
Region A introduces advanced technologies at the same dates as specified for the one-region case study:
CONFU is introduced in 2015, and fast recycling schemes are introduced in 2040.
Regardless of the fuel cycle option used for closing the fuel cycle (LWR-CONFU, LWR/ABR, or
LWR/GFR) and the size of spent fuel recycling plants used in Region A, Region B sends its spent fuel
back to Region A as soon as it has cooled down, as part of a "Fuel-leasing / fuel take-back" contract. For
sake of simplicity, we assume that this transaction occurs as soon as 2005.
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VII.C.2. Scenario #2: "Limited collaboration"
Region A and Region B introduce advanced technologies at the same dates as specified for the one-region
case study. Region B externalizes spent fuel recycling and advanced fuel fabrication services in Region A.
Region A has precedence over Region B in regards to the TRU supply. We assume that Region A and
Region B use the same fuel cycle options to close the fuel cycle.
VII.C.3. Scenario #3: "Full Collaboration"
Region A and Region B introduce advanced technologies at the same dates as specified for the one-region
case study. This is a scenario of total collaboration for interim storage of spent fuel, construction of spent
fuel recycling plants and advanced fuel fabrication plants. Region A and Region B co-owned spent fuel
inventories. Under this scenario of total collaboration, this is as if we had one region instead of two.
Hence we run the simulation using the one-region model; the characteristics (power demand, initial spent
fuel inventory, etc.) of the resulting region are the sum of the characteristics of Region A and Region B.
VII.D. Implications of multi-regional partnerships
VII.D.1. Methodology for scenarios comparison
CAFCA II makes it possible to assess the impact of bi-lateral partnerships for (1) each fuel cycle option,
(2) each partnership scenario, and (3) each choice of recycling capacity.
As for the one-region model, CAFCA II tracks the distributions of HM and TRU masses in the system,
and also the deployment of Light Water Reactors, Fast Reactors, and spent fuel recycling facilities.
In this two-region case study, we chose to concentrate on the impact of partnerships on (1) TRU masses
in spent fuel interim storage, which we call TRU stocks, and (2) fuel cycle costs. As we have a two-region
system, TRU stocks and fuel cycle costs will be examined first at a regional level, and second at a global
level.
We use the following terminology to present our results; let the TRU stocks in storage be one of the
indicators. The advantage of scenario #'i' over scenario #'j' at time t is the difference of TRU stocks
observed at time t for scenario #'j' minus TRU stocks observed at time t for scenario #'i'. The same
terminology is used for fuel cycle costs; let the cumulated TRU stocks advantage of scenario #'i' over
scenario #'j' at time t be the value of the area under the curve "TRU stocks advantage" between 0 and t.
In this two-region case study, we label "Isolated" the scenario without partnership. Note that when
Region B is isolated, it pursues a Once-Through cycle.
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VII.D.2. Scenario #1: "Fuel-leasing / fuel take-back"
In Region B, TRU stocks are obviously zero, by definition of this strategy. If Region B was isolated and
if it pursued a once-through cycle, its TRU stocks would reach 4,100 MT in 2100. Figures 35 to 37
present the results for this scenario.
VII.D.2.a. TRU stocks
As showed in Figure 35, for all fuel cycle options, the transfer of spent fuel from Region B has the effect
of increasing TRU stocks in Region A.
- For the LWR-CONFU strategy with small separation and reprocessing plants, equilibrium is reached
as soon as 2050 despite the transfer of TRU from Region B to Region A. However, TRU stocks go
back up to around their initial 900 MT value, whereas they stay around 0 for the 'isolated' strategy.
Therefore 3,200 MT of TRU stocks have been avoided in the global system thanks to the partnership
under scenario #1.
For the LWR-CONFU strategy with medium-size plants and large plants, the partnership makes TRU
stocks nearly double in 2100, from 4800 MT up to 8900 for recycling strategy with medium-size
plants and from 3600 MT to 7700 MT for recycling strategy with large plants. The increase of TRU
stocks equates the transfer of TRU from Region B to Region A in 2100. This shows that, for these
capacities of recycling plants, the pace of recycling becomes too low for Region B's spent fuel to be
reprocessed.
As shown in Figure 36, the partnership has an impact on global TRU stocks only for the LWR-
CONFU strategy with small plants.
- For the LWR/ABR strategy with small plants and medium-size plants, equilibrium is reached in
Region A before the end of the century despite the transfer of TRU from Region B to Region A.
However, TRU stocks go back around their initial 900 MT with medium-size plants and up to 1,700
MT with small plants. With large plants, equilibrium is reached when Region A is isolated but the
additional spent fuel from Region B prevents equilibrium from being achieved with the partnership;
the 2100 TRU stocks are 900 MT.
Interestingly enough, Figure 36 shows that the difference of TRU stocks in 2100 is much smaller than
4,100 MT (TRU inventory for isolated Region B in 2100) for all recycling capacity choices. This
shows that the partnership is more efficient for depleting TRU inventories than independent strategies.
- For the LWR/GFR strategy, when Region A is isolated, equilibrium is reached whatever recycling
plants sizes are. In 2100, with the partnership, TRU stocks are 400 MT for recycling strategy with
small plants and 1,200 MT for medium-size and large plants. The difference of TRU stocks in 2100 is
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smaller than 4,100 MT: the partnership is more efficient for depleting TRU inventories than isolation
strategies.
VII.D.2.b. Fuel cycle costs
The cost of TRU stocks avoided is incurred by both Region A and Region B. It is a negative cost for
Region B as no spent fuel interim storage or repository has to be paid, around 0.2 mills/kWh. For Region
A, the reduction of TRU stocks thanks to the partnership has a positive cost that is illustrated in Figure 37
for recycling strategy with small plants only. Indeed, the effect is very small for other sizes of spent fuel
recycling plants as spent fuel transferred from Region B is not recycled; then Region A incurs only the
cost of storing this spent fuel, which is very small compared to other cost items.
- For the LWR-CONFU strategy, the fuel cycle cost at equilibrium in Region A increases compared to
the scenario where Region A is isolated. Indeed, the partnership increases the TRU supply and
therefore the number of expensive CONFU batches that can be loaded in Region A's reactors. At
equilibrium in 2070, the fuel cycle cost difference is around 4 mills/kWh.
- For the LWR'ABR strategy and for all sizes of spent fuel recycling facilities, the fuel cycle cost
disadvantage of scenario #1 over "Isolated" peaks around 4 mills/kWh, and is less than 2 mills/kWh
in 2100.
- For the LWR/GFR strategy with small plants, the fuel cycle cost disadvantage of scenario #1 over
"Isolated" peaks at 6 mills/kWh between 2075 and 2080, then it decreases down to 3 mills/kWh. For
the recycling strategy with medium-size plants, the cost disadvantage peaks at 3.5 mills/kWh between
2075 and 2080, then it decreases down to 1.5 mills/kWh. For the recycling strategy with large plants,
the cost disadvantage peaks at 3.5 mills/kWh between 2070 and 2075, then stabilizes around 3
mills/kWh.
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Figure 35: TRU stocks - Region A - Scenario #1
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VII.D.3. Scenario #2: "Limited collaboration"
Under this scenario, Region B introduces the same advanced reactor technologies as Region A, and it
externalizes advanced fuel cycle services in Region A's facilities. Whereas scenario #1 and the transfer of
spent fuel entailed an increase of TRU supply, scenario #2 entails an increase of both TRU supply and
TRU demand upstream of Region A's spent fuel recycling facilities. We expect therefore that the
reduction of global TRU inventories achieved under scenario #2 will be greater than what it was for
scenario #1. Results for this scenario are presented in Figures 38 to 42.
VII.D.3.a. TRU stocks
As showed in Figure 38, the partnership yields an important reduction of TRU inventories in Region A.
- For the LWR-CONFU strategy with small plants, equilibrium is achieved in Region A in 2050, with
or without the partnership. For the recycling strategy with medium-size plants, equilibrium is
achieved in 2090 with the partnership, whereas TRU stocks without the partnership are 4,800 MT.
With large plants, TRU stocks in 2100 are less than 500 MT with the partnership whereas they are
more than 3,500 MT without the partnership. These results show that, at the level of Region A,
scenario #2 is more efficient that "Isolated" for the reduction of global TRU inventories in interim
storage.
More importantly, Figure 39 shows that Region A is better off in terms of TRU inventories reduction
with scenario #2 than with scenario #1. The TRU stocks advantage of scenario #2 over scenario #1 in
terms of TRU stocks inventory is particularly large for recycling capacity choices with medium-size
plants (more than 7,000 MT of TRU) and large plants (more than 9,000 MT of TRU).
In Region B, Figure 40 shows that, for all sizes of recycling plants, TRU stocks start being
reprocessed only around 2060 although the CONFU technology was available as soon as 2030.
Recycling strategy with small plants yields the greatest reduction of TRU inventories in interim
storage. When Region B is isolated, TRU stocks reach in 2100 a level of 4,100 MT; with small plants
used in Region A, TRU stocks in Region B are 750 MT, they are 1,200 MT for recycling strategy
with medium-size plants and 2,500 with large plants.
- For the LWR/ABR strategy, the partnership yields an important reduction of TRU inventories in
Region A, as compared to the scenario where regions are isolated, especially for the recycling
strategy with large plants. Without the partnership, TRU inventories go up to 3,000 MT for this
strategy, whereas, with the partnership, it decreases as soon as 2040 when Actinide Burner Reactors
are first introduced in 2040; in 2040, TRU stocks are 2,000 MT. For recycling capacity choices with
small plants and middle-size plants, equilibrium is achieved in 2070, with and without the partnership.
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Region A is better of in terms of TRU inventories reduction with scenario #2 than with scenario #1.
The advantage of scenario #2 over scenario #1 in terms of TRU stocks peaks around 2070 for all
recycling capacity choices; the larger the size of spent fuel recycling plants, the higher the peak: it is
more than 3,000 MT for recycling strategy with large plants, around 800 MT for recycling strategy
with medium-size plants, and less than 500 MT for the recycling strategy with small plants. After
2090, the pace of recycling plants construction is too low in Region A for Region B's spent fuel to be
recycled; the advantage of scenario #2 over scenario #1 is explained purely with the absence of
automatic transfer from Region B to Region A, which occurred in scenario #1.
In Region B, for all sizes of recycling plants, TRU stocks start being recycled not before 2060
although the ABR technology was available as soon as 2040. Recycling strategy with small plants
yields the greatest reduction of TRU inventories. When Region B is isolated, TRU stocks are 4,100
MT; with small plants used in Region A, TRU stocks in Region B are 800 MT, they are 1,200 MT for
recycling strategy with medium-size plants and 2,000 with large plants.
For the LWR/GFR strategy, the partnership yields an important reduction of TRU inventories in
Region A, especially for the recycling strategy with large plants. For recycling capacity choices with
small plants and middle-size plants, equilibrium is achieved in 2070, with and without the partnership.
Region A is better of in terms of TRU inventories reduction with scenario #2 than with scenario #1.
The advantage of scenario #2 over scenario #1 in terms of TRU stocks peaks around 2070 for all
recycling capacity choices; the larger the size of spent fuel recycling plants, the higher the peak: it is
more than 2,500 MT for recycling strategy with large plants, around 1,000 MT for recycling strategy
with medium-size plants, and around 800 MT for the recycling strategy with small plants. After 2090,
the pace of recycling plants construction is too low in Region A for Region B's spent fuel to be
recycled. The advantage of scenario #2 over scenario #1 is explained purely with the absence of
automatic transfer from Region B to Region A, which occurred in scenario #1.
In Region B, for all sizes of recycling plants, TRU stocks start being recycled not before 2070
although the GFR technology was available as soon as 2040. Recycling strategy with large plants
yields the greatest reduction of TRU inventories. When Region B is isolated, TRU stocks are 4,100
MT in 2100; with small plants used in Region A, TRU stocks in Region B are 1,100 MT, they are 800
MT for recycling strategy with medium-size plants and 500 with large plants.
VII.D.3.b. Fuel cycle costs
For Region A, there is of course a cost attached to the greater efficiency of scenario #2 over scenario #1
and also over the scenario with isolated regions. We anticipate that fuel cycle costs under scenario #2 will
be higher than for the scenario with isolated regions as more recycling facilities are built and more
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expensive CONFU batches are loaded in reactors cores. With scenario #1, there was no sharing of costs
as Region A incurred all the costs attached to the partnerships. With scenario #2 however, costs are
shared. It is therefore a priori unclear which scenario is going to be the cheapest for Region A; Figure 42
confirm this intuition.
- In Region A, for the LWR-CONFU strategy with small plants, scenario #2 is always advantageous
compared to scenario #1 and the cost difference is about 4 mills/ kWh in 2100. However, with
medium-size and large plants, the trend is rather that scenario #2 is more expensive. The cost
disadvantage of scenario #2 can be up to 10 mills/kWh with large plants but, at equilibrium in 2100, it
is around 1 mill/kWh. The cost disadvantage of scenario #2 can be up to 8 mills/kWh with medium-
size plants but, at equilibrium in 2100, it is around 1 mill/kWh.
Region B is obviously worse off with scenario #2 than with scenario #1. With a once-through cycle,
fuel cycle cost in Region B was around 5 mill/kWh With small plants, the fuel cycle cost peaks in
2050 at 24 mills/kWh, it peaks at 14 mills/kWh at the same date with medium-size plants and at 12
mills/kWh in 2055 with large plants. The 2100 fuel cycle cost is 7 mills/kWh with medium-size
plants, 8 mills/kWh with large plants, and 9 mills/kWh with small plants.
- In Region A, for the LWR/ABR strategy, scenario #2 becomes cheaper than scenario #1 only after
2070 when Region B spent fuel recycling effectively starts. Before 2070, scenario #1 is much cheaper.
With small plants, scenario #2 is cost-advantageous compared to scenario #1 and the cost difference
is about 4 mills/ kWh in 2100. For recycling capacity choices with medium-size and large plants, the
trend is rather that scenario #2 is more expensive.
Region B is worse off with scenario #2 than with scenario #1, as showed in Figure 98. The difference
is zero until 2060 when Region B's spent fuel recycling starts. For all recycling capacity choices, fuel
cycle costs peak between 13 mills/kWh and 16 mills/kWh around 2070. The fuel cycle costs
converges towards the Once-Through fuel cycle costs around 2100 because there is no more room
Region B's spent fuel in Region A's advanced fuel cycle facilities. The pace of recycling plant
construction in Region A becomes indeed too low.
- In Region A, For the LWR/GFR strategy, scenario #2 becomes cheaper than scenario #1 after 2070
when Region B spent fuel recycling effectively starts. Before 2070, scenario #1 is much cheaper.
With large plants, the fuel cycle cost difference is (-6) mills/kWh in 2045 and goes up to 5 mills/kWh
in 2080. The fuel cycle cost difference is (-5.5) mills/kWh in 2045 with small plants and it goes up to
7 mills/kWh in 2075. The fuel cycle cost difference is -3 mills/kWh in 2060 with medium-size plants
and it goes up to 5 mills/kWh in 2080.
Region B is worse off with scenario #2 than with scenario #1. The fuel cycle cost in Region A peaks
between at 16 mills/kWh in 2070 with small plants, it peaks at 13.5 mills/kWh in 2075 with medium-
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size plants and at 11 mills/kWh around 2075 with largest plants. The fuel cycle costs converges
towards the Once-Through fuel cycle costs around 2100 because there is no more room Region B's
spent fuel in Region A's advanced fuel cycle facilities. The pace of recycling plant construction in
Region A becomes too low.
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VII.D.4. Scenario #3: "Full Collaboration"
Let Region A&B be the region resulting of the aggregation of Region A and Region B. As the two
regions are aggregated, it is not possible to consider TRU stocks in Region A and TRU stocks in Region
B independently. We compare therefore global TRU stocks under scenario #3 with global TRU stocks
under scenario #2. This comparison is warranted as we saw that scenario #2 is more efficient than
scenario #1 in terms of TRU stocks. We would expect that the increased collaboration with scenario #3
over scenario #2 is the optimum strategy for the management of TRU stocks. Results for this scenario are
presented in Figures 43 to 44.
VII.D.4.a. TRU stocks
Figure 43 illustrates the TRU stock advantage of scenario #3 over scenario #2.
- For the LWR-CONFU strategy, as opposed to what had been anticipated, it may not be optimal at
every time step to choose scenario #3 over scenario #2. This is a surprising case where increased
collaboration has no immediate positive effect. With small plants, scenario #3 is more advantageous
every year than scenario #2 in terms of global TRU stocks only. In 2070, scenario #3 becomes more
advantageous with large plants but it is never better than scenario #2 when medium-size plants are
used. In 2100, the advantage of scenario #3 over scenario #2 is the largest for large recycling plants,
as around 3,000 MT are "avoided" in 2100 when choosing scenario #3 over scenario #2. With small
plants, the corresponding figure is 800 MT and it is around zero for medium-size plants.
With the criterion of minimization of cumulated TRU stocks by 2100, Region A&B is better off
under scenario #3 than under scenario #2 with small and large plants, but not with medium-size plants.
- For the LWR/ABR strategy, the same phenomenon appears. Scenario #3 is more advantageous every
year than scenario #2 in terms of global TRU stocks with small plants or medium-size plants but not
with large plants. In 2100, the advantage of scenario #3 over scenario #3 is the largest for small
recycling plants, as around 1,800 MT are "avoided" in 2100 when choosing scenario #3 over scenario
#2. The corresponding figure with medium-size plants is 1,200 MT and it is -400 MT with large
plants.
With the criterion of minimization of cumulated TRU stocks by 2100, Region A&B is better off
under scenario #3 than under scenario #2 for all choices of recycling capacities.
- For the LWR/GFR strategy, it may again not be optimal to choose scenario #3 over scenario #2.
Scenario #3 is more advantageous every year than scenario #2 in terms of global TRU stocks with
small plants or large plants but not with medium-size plants. For medium-size plants, the fuel cycle
cost advantage goes below zero in 2085 and its 2100 value is -300 MT. For small plants, the 2100
value is 400 MT of TRU "avoided", and it is 900 MT for large plants. TRU stock advantage peaks
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around 2070 for all choices of recycling capacities; it peaks at 2,200 MT with large plants, at 700 MT
with small plants, and at 400 MT with medium-size plants.
With the criterion of minimization of cumulated TRU stocks by 2100, Region A&B is better off
under scenario #3 than under scenario #2 for all choices of recycling capacities.
VII.D.4.b. Fuel cycle costs
Figure 44 presents. the results for the fuel cycle cost in Region A&B.
- For the LWR/CONFU strategy with small plants, the fuel cycle cost in Region A&B peaks at 13
mills/kWh between 2040 and 2045 and its 2100 value is 9.5 mills/kWh. With medium plants, the fuel
cycle cost peaks at 9.5 mills/kWh between 2040 and 2045 and its 2100 value is 8 mills/kWh. With
large plants, the fuel cycle cost peaks at 11 mills/kWh between 2040 and 2045 and its 2100
equilibrium value is 8 mills/kWh.
- For the LWR/ABR strategy with small plants, the fuel cycle cost in Region A&B peaks at 13
mills/kWh between 2055 and 2060 and its 2100 value is 8.5 mills/kWh. With medium plants, the fuel
cycle cost peaks at 10.5 mills/kWh around 2060 and its 2100 value is less than 8 mills/kWh. With
large plants, the fuel cycle cost peaks at 11 mills/kWh around 2060 and its 2100 equilibrium value is
also less than 8 mills/kWh.
- For the LWR/GFR strategy with small plants, the fuel cycle cost in Region A&B peaks at 13
mills/kWh between 2055 and 2060 and its 2100 value is 8.5 mills/kWh. With medium plants, the fuel
cycle cost peaks at 10.5 mills/kWh around 2060 and its 2100 value is less than 8 mills/kWh. With
large plants, the fuel cycle cost peaks at 11 mills/kWh around 2060 and its 2100 equilibrium value is
also less than 8 mills/kWh.
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VII.E. Conclusion
We showed in Chapter V that inter-regional transactions would have noticeable effects on the reduction
of global TRU inventories in interim storage only if the deployment of spent fuel recycling facilities and
fast reactors is steady enough.
In the low-case scenario for the development of advanced fuel cycle facilities and fast reactors, our
simulations in the one-region context showed indeed that their construction capacity was always saturated.
For the central-case scenario, the construction capacity of spent fuel recycling plants was always saturated
for the LWR/GFR strategy. Hence, under scenarios #1 and #2, for which there is no increase in the
construction capacity of recycling plants, no transactions would ever occur between Region A and Region
B. The high case scenario for the deployment of advanced technologies was therefore used to assess how
much of additional recycling capacity, compared to the central case, is needed for transactions to occur
and have an impact on the global reduction of TRU inventories. Under the large case deployment of
advanced technologies in Region A, separation plants construction capacity is 500 MT/yr per year before
2040 and it doubles after 2040, FFF reprocessing plants construction capacity is 50 MT/year per year
before 2040 and it doubles after 2040, and there is no constraint on the construction of fast reactors.
For three scenarios of partnership between Region A and Region B, we simulated the nuclear fuel cycle
using CAFCA II to assess the impact of these partnerships in terms of TRU stocks and fuel cycle costs.
The purpose of this two-region case study was three-fold:
- Optimizing the choice of fuel cycle option and recycling plants nominal capacities for each
partnership scenario;
- Optimizing the choice of partnership scenario;
- Assessing if and to what extend bi-lateral partnerships allow taking advantage of the economies of
scale that go with increasing the size of recycling facilities.
Recall that we call TRU stocks the TRU inventories in interim storage.
First, let's summarize the main findings of our analysis on bi-lateral partnerships:
* Scenario #1: Fuel-leasing /fuel take-back
Although spent fuel transfer always increases TRU stocks in Region A, the two-region system with
scenario #1 is a more efficient in terms of TRU stocks reduction than Region A on its own, isolated from
the once-through Region B. Even though TRU stocks increase in Region A, equilibrium may be reached
for each fuel cycle option and a 'good' choice of recycling plants nominal capacities. The additional cost
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for greater TRU stocks reduction is paid by Region A only and the magnitude of this additional cost is in
the order of 3 mills/kWh.
* Scenario #2: Limited collaboration
In terms of TRU stocks, whereas scenario #1 saw Region A being worse off, while Region B and the two-
region system were better-off, scenario #2 makes Region A and the two-region system better-off,
compared first to the scenario of isolation and second to scenario #1. Obviously, Region B is worse off
than with scenario #1 but is better off than with the scenario of isolation.
In terms of fuel cycle costs, scenario #2 makes Region B worse off, compared to the scenario of isolation,
and particularly to scenario #1. The fuel cycle cost disadvantage for Region B ranges from 5 mills/kWh to
10 mills/kWh. It :is unclear that Region A is better off or worse off with scenario #2, as compared to
scenario #1; the sign of the fuel cycle cost difference changes with time and depends on the size of
recycling capacities used; over all strategies, the fuel cycle cost difference for Region ranges from -10
mills/kWh up to 7 mills/kWh.
* Scenario #3: Full collaboration
We could not calculate TRU stocks in Region A and Region B as spent fuel inventories of both regions
are blended together. In terms of TRU stocks, scenario #3 is not always advantageous over scenario #2 at
every time step for all fuel cycle options and recycling capacity sizes. However, with the criterion of
minimization of cumulated TRU stocks by 2100, Region A&B is always better off under scenario #3 than
under scenario #2, except for the LWR-CONFU strategy with medium-size plants.
The aggregated fuel cycle cost over the fleet of Region A&B is in the order of 8 mills/kWh in 2100. For
Region B, compared to scenario "Isolated" and to scenario #1, this is an increase of 3 mills/kWh, which is
less than with the minimum 5 mills/kWh increase under scenario #2. Region A incurs the same fuel cycle
cost with total collaboration as it dos when it is isolated.
Figure 45 presents three graphs for the evaluation index for each fuel cycle strategy and each choice of
recycling capacity. The methodology regarding this index was introduced earlier for the one-region case
study. Recall strategies are ranked according to five criteria; the index we use is the sum of the ranks of
each strategy. Criterion #1 is minimization of maximum TRU interim storage requirements. Criterion #2
is achievement of equilibrium or the maximum reduction of TRU inventories in interim storage by 2100.
Criterion #3 is maximization of the construction date of the first recycling plant. Criterion #4 is
minimization of spent fuel recycling construction requirements. Finally, criterion #5 is minimization of
the maximum fuel cycle cost.
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When regions are isolated, we already showed that, under the high case deployment of advanced
technologies, the optimal strategy for Region A was GFRii,3 5 i.e. the LWR/GFR strategy with 2,000
MT/year separation plants. Region B is in a Once-Through cycle.
- For scenario #1, the optimum strategy is still GFRii for Region A, and Region B, which transfers its
spent fuel, is neutral to this choice of strategy.
- For scenario #2, four strategies have the same index in Region A: GFRiii, GFRii, ABRii, and CONFUii.
In Region B, the strategy with the lowest index is GFRiii. Hence we conclude that GFRiii is the
optimal strategy for each region and for the global system. We could have expected this result as
GFRiii is the cheapest fuel cycle option, GFRiii achieves equilibrium; furthermore, it is the least
intensive in terms of spent fuel recycling requirements.
- For scenario #3, only the index in Region A&B can be used as Regions A and B are aggregated. The
CONFUi and CONFUUii have the same index values. Both strategies achieve equilibrium, and
CONFUi has lowest maximum TRU storage requirements (1,000 MT) than GFRiii (2,000 MT), but
GFRiii is cheaper (10 mills/kWh at most) than CONFUi (13 mills/kWh) at most. Furthermore, GFRiii
is less intensive in terms of separation requirements and the construction of the first separation plant
is needed 25 years later than for CONFUi.
Hence, for these parameters of advanced technology deployment,36 the LWR/GFR fuel cycle strategy is
always optimal. 2,000 MT/year separation plants are best when Region A is isolated or when Region B
transfers its spent fuel to Region A and pursues a Once-through cycle. But, if a partnership with Region B
is created and Region B pursues a closed cycle, using largest separation plants with the lowest unit cost of
capital becomes optimal.
as Subscripts i, ii, and iii represent the choice of recycling capacities. "i" entails that 1,000 MT/year separation plants
and 50 MT/year FFF reprocessing plants are used, "ii" entails that 2,000 MT/year separation plants and 100
MT/year FFF reprocessing plants are used, and "iii" entails that 7,000 MT/year separation plants and 200 MT/year
FFF reprocessing plants are used,
36 The dependency of the optimum on the deployment model has been illustrated in the one-region case study: for a
low deployment of advanced technologies in the one-region case study, we found indeed that the optimum is not
GFRiI anymore but CONFUi. The same phenomenon would be observed with the two-region model if the added
capacity of fast reactors construction and of recycling plants construction is too low.
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Finally, these optimal strategies need to be compared from the point of view of Region A, i.e. GFRii for
scenario "Isolated" and scenario #1, and GFRiii for scenarios #2 and #3. The issue is indeed whether or
not Region A should launch a partnership with Region B, and, if so, which type of partnership.
First, for all optimal strategies, maximum requirements of TRU interim storage are around 2,000 MT, in
2040. Second, all optimal strategies, except the optimal strategy for scenario #1, achieve equilibrium by
2100. Third, the optimal strategy for scenario #3 has the lowest maximum fuel cycle cost, 10 mills/kWh.
Fourth, all strategies have similar requirements regarding the construction of separation plants.
Hence, the optimum for Region A is to be aggregated with Region B and collaborate totally for the
deployment of Gas-cooled Fast Reactors and the construction of large 7,000 MT separation plants,
starting in 2040.
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Chapter VIII. Summary of conclusions
VIII.A. Optimization of fuel cycle strategies in the US context
Three fuel cycle strategies are explored in this case study in the US context: recycling of TRU in thermal
Light Water Reactors using CONFU technology, recycling of TRU in fast cores of Actinides Burner
Reactors, and recycling of TRU with UO2 in self-sustaining Gas-cooled Fast Reactors. The CONFU
technology is introduced in 2015 while the GFR and the ABR technologies are introduced in 2040. Until
then, the demand for nuclear power is met only with Light Waters Reactors using all UO2 fuel.
VIII.A.1. Three-factor preliminary evaluation of fuel cycle strategies
We introduced a three-factor methodology that allows comparing fuel cycle options. Factor (Fl) is the
equilibrium37 proportion of power produced by advanced fuel batches in the system, which we want to
minimize because advanced fuel fabrication is more expensive than traditional UO2 fuel fabrication, and
because fast reactors are more expensive to build than traditional Light Water Reactors. Factor (F2)
concerns spent fuel recycling requirements at equilibrium, which we want also to minimize. Factor (F3) is
related to the minimum rate of advanced technology introduction, which is measured with the marginal
proportion of power produced by advanced fuel batches, in order to reduce TRU inventories in interim
storage. We found that:
* At equilibrium, the LWR-CONFU strategy is the most demanding in terms of advanced fuel
fabrication plants deployment. In regards to fast recycling schemes, the LWR-GFR strategy is by far
more demanding than the LWR/ABR strategy, in terms of fast reactors construction effort.
* Spent fuel separation requirements are the highest for the LWR-CONFU strategy, at 14 MT/yr/GWe,
this figure goes down to 13 MT/yr/GWe for the LWR/ABR strategy and to 8.5 MT/yr/GWe for the
LWR/GFR strategy; FFF reprocessing requirements at equilibrium are 0.5 MT/yr/GWe for the
LWR/ABR strategy, more than twice as high as that for the LWR-CONFU strategy (0.2 MT/yr/GWe).
The GFR spent fuel reprocessing requirements are 3.5 MT/yr/GWe, but the technology may be close
37 In this study, we define equilibrium as the situation where masses of spent fuel that go out of cooling storage after
their required cooling time are immediately recycled in recycling plants instead of being stored first in interim
storage upstream of spent fuel recycling facilities.
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to UO2 separation. Hence, as far as recycling needs at equilibrium are concerned, the LWR/GFR
strategy is less demanding than the two other strategies.
* The LWR/ABR strategy has the highest potential for reduction of TRU inventories in interim storage
because it has the highest TRU loading, normalized in MT/GWe. However, reduction of TRU
inventories in interim storage may even occur with technologies with a net TRU destruction equal to
zero: for GFR for instance, the first core of each newly built reactor is loaded with batches made with
TRU separated from UO2 spent fuel.
In regards to factors (F1) and (F3), the LWR-ABR strategy is therefore superior to other strategies and the
LWR-CONFU strategy appears to be the least efficient. In regards to factor (F2), the LWR-GFR strategy
is the most advantageous. The LWR/ABR strategy relies more heavily on FFF reprocessing services than
the LWR-CONFU strategy does but the LWR-CONFU strategy makes somewhat more intensive use of
UO2 spent fuel separation services.
This three-factor methodology was also used as a tool to define optimal features of fast reactors for the
reduction of TRU inventories in interim storage, which are a full TRU core loading, and a high TRU
loading per core (normalized in terms of reactor power). The choice of the optimal conversion ratio of fast
reactors depends on industrial constraints on the fuel cycle: it is not possible to minimize simultaneously
(1) the construction rate of advanced reactors and advanced fuel recycling technologies and (2) the
construction rate of UO2 spent fuel separation technologies.
* If the constraints are more on the construction of fast reactors and the construction of fast reactor
spent fuel recycling plants, then the conversion ratio should be as low as possible, i.e. the fast reactor
should be a burner.
* If, the constraints are more on the construction of U0 2 spent fuel separation plants, the optimal
conversion ratio is 1.
VIII.A.2. Evaluation of fuel cycle strategies using CAFCA II
A fuel cycle simulation tool, CAFCA II (Code for Advanced Fuel Cycles Assessment), written in
Matlab© has been developed. The CAFCA II code tracks the mass distribution of TRU and U in the
system, infrastructure requirements for reactors and recycling facilities, and the cost of all operations. The
code also includes a specific model for recycling plants deployment and prices, which illustrates the
impact of modularity on the construction cost of recycling plants and recycling prices. In addition, the
construction schedule of recycling facilities is optimized in order to maintain their capacity factor above a
minimum target capacity factor during the lifetime of the plants. The deployment of recycling facilities
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and fast reactors can also be constrained by a user-specified ability to add capacity within a given time
interval.
We used CAFCA II to study transience before equilibrium is reached and assess the implications of
choices of (1) fuel cycle option, (2) capacity of recycling facilities, and (3) industrial ability to build
advanced technologies.
The three fuel cycle options are the ones mentioned above. The CONFU technology is introduced in
2015. Fast recycling schemes (ABR or GFR) are introduced in 2040.
We discussed three choices for the capacities of recycling facilities to quantify the trade-off between
modularity and economies of scales:
- "Small plants": 1,000 MT/yr separation plants and 50 MT/yr FFF reprocessing plants;
- "Medium-size plants": 2,000 MT/yr separation plants and 100 MT/yr FFF reprocessing plants;
- "Large plants": 7,000 MT/yr separation plants and 200 MT/yr FFF reprocessing plants.
We discussed three cases for the ability to build advanced technologies: the "low case", the "base case",
and the "high case". For the low case, the construction capacity of separation (resp. FFF reprocessing)
plants is 150 MT/yr per year (resp. 15 MT/yr per year) before 2040 and it doubles after 2040. For the
base case (resp. high case), the parameters become 250 MT/yr per year and 25 MT/yr per year (resp. 500
MT/yr per year and 50 MT/yr per year) before 2040, after which they are multiplied by a factor of two. In
regards to the construction capacity of fast reactors, it grows linearly from 3 GWe per year in 2040 up to
15 GWe per year in 2100 for the low case. For the base case, it grows linearly from 10 GWe per year in
2040 up to 30 GWe per year in 2100. For the high case, there is no constraint on the construction of fast
reactors.
We introduced a six-criterion methodology for comparing the results of our simulations, where each
criterion pertains to the implications of strategy choices during the transience phase.
- Criterion #1: minimization of peak inventory of TRU in interim storage.
- Criterion #2: achievement of equilibrium and minimization of 2100 TRU inventory in interim storage.
Equilibrium is indeed considered in our study a way of measuring optimality as it minimizes the
burden due to spent fuel interim storage and re-allocates TRU in the most proliferation-resistant areas,
i.e. reactors cores and cooling storage areas, where spent fuel is still too 'hot' to be handled.
- Criterion #3: maximization of cumulative TRU incinerated by 2100.
- Criterion #4: minimizing the need for early recycling by delaying the construction of the first spent
fuel recycling plant. Because of the time value of money and technological progress, we are better off
delaying the investment in a capital-cost intensive recycling program.
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- Criterion #5: minimizing saturation periods of the construction capacity of recycling plants. This
criterion measures how capital intensive (in terms of recycling plants) the strategy is.
- Criterion #6: minimizing the maximum fuel cycle cost and its value in 2100.
We found that that the optimum choice of fuel cycle option and recycling capacities depends strongly on
the ability to build advanced technologies. The outcome of the simulations shows that recycling of UO2
spent fuel can wait if recycling pace is anticipated to be large enough for equilibrium to be reached in the
medium-term, or, conversely, that recycling of U02 spent fuel should start as early as possible if
anticipated recycling pace is low. We found also that reactor technologies with zero net TRU destruction
rate can achieve total depletion of TRU inventories in spent fuel interim storage at a lower fuel cycle cost
and with fewer recycling facilities that reactor technologies that incinerate TRU; the lower fuel cycle cost
is achieved at the expense of a lesser reduction of total TRU inventories.
For example, if criterion #3 - incineration of TRU is not taken into account, we found that:
* For the low case of construction, the optimum strategy is the LWR-CONFU strategy with 1,000
MT/year separation plants and 50 MT/year FFF reprocessing plants. This shows that, although the
LWR-CONFU strategy is less favorable than the two other strategies (based on the three-factor
evaluation), the earlier introduction date of the CONFU technology makes it more efficient than fast
recycling schemes in terms of reduction of TRU inventories in interim storage by 2100.
* For the base case and high case construction scenarios, the optimum strategy is the LWR/GFR
strategy with 2,000 MT/year separation plants.
If criterion #3, i.e. total incinerated TRU in 2100, is taken into account in the evaluation of fuel cycle
strategies, the LWR/GFR strategy is never an optimum as it is penalized by its absence of TRU
incineration. The LWR/ABR and the LWR-CONFU strategies were found to have comparable
achievements in terms of TRU incineration and total TRU inventories reduction.
* For the base case scenario of deployment, the optimum strategy is the LWR/ABR strategy with 2,000
MT/year separation plants and 100 MT/year FFF reprocessing plants.
* For low case and high case scenarios, the optimum strategy is the LWR-CONFU strategy with 1,000
MT/year separation plants.
VIII.B. Optimization of fuel cycle strategies in a multi-region context
The potential of multi-lateral approaches to the nuclear fuel cycle has recently been widely acknowledged.
Cited benefits include cost attractiveness following from economies of scale and proliferation resistance
and collaborative and more efficient nuclear waste treatment strategy. CAFCA II has been developed to
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quantify these trade implications for the back-end of the fuel cycle; CAFCA II can simulate the nuclear
fuel cycle in a multi-regional context, with possible transfers of nuclear spent fuel from one region to the
other.
A case study was performed using two regions. Region A represents the US and Region B represents
Brazil, Mexico, and Indonesia. Region A plans to close its nuclear fuel cycle in the near future and has the
ability to do so on its own. Region B is also willing to close its fuel cycle but it may find advantages in
relying on Region A's capabilities. Three scenarios of collaboration between these two regions have been
compared with the scenario where the two regions are isolated from each other.
- Scenario #1 was modeled to assess the implications of the "Fuel-leasing/fuel take-back" concept.
- Scenario #2 is for "Limited Collaboration" at the back-end fuel cycle, where countries externalize
spent fuel recycling and advanced fuel fabrication in countries that have these technologies.
- Under scenario #3, which we label "Full Collaboration", Region A and Region B fully collaborate at
the fuel cycle back-end: spent fuel inventories and advanced fuel cycle facilities are co-owned.
Furthermore, the construction capacity of recycling plants increases compared to when Region A is
isolated.
The purpose of this two-region case study is three-fold (1) optimizing the choice of fuel cycle option and
recycling plants nominal capacities for each partnership scenario, (2) optimizing the choice of partnership
scenario, and (3) assessing if and to what extend bi-lateral partnerships allow taking advantage of the
economies of scale that go with increasing the size of recycling facilities.
Key figures for optimizing these partnerships are the reduction of TRU inventories in interim storage,
which we call TRU stocks, in each region and in the global aggregated world and the minimization of the
fuel cycle cost in each region.
In the low-case scenario for the construction of advanced fuel cycle facilities and fast reactors, our
simulations in the one-region context showed that the construction capacity of these plants was always
saturated. For the base case scenario, the construction capacity of spent fuel recycling plants was always
saturated for the LWR/GFR strategy. Hence, for the two-region case, under scenarios #1 and #2, for
which there is no increase in the construction capacity of recycling plants, no transactions would ever
occur between Region A and Region B. In other words, under these deployment scenarios, the "Fuel-
leasing/fuel take-back" entails a transfer of spent fuel storage burden from Region B to Region A.
The high case scenario for the construction of advanced technologies will allow recycling of Region B
fuel. The question is what additional recycling capacity, compared to the base case, is needed for
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transactions to occur under the "Fuel-leasing/fuel take-back" scenario and the "Limited Collaboration"
scenario. Recall that, for the high case, the construction capacity of recycling facilities before 2040 is 500
MT/yr per year for separation plants and 50 MT/yr per year for FFF reprocessing plants. After 2040, these
figures are multiplied by a factor of 2. There is no constraint on the construction of fast reactors.
First, let's summarize the main findings of our analysis on bi-lateral partnerships:38
* Scenario #1: "Fuel-leasing / fuel take-back"
* Although spent fuel transfer always increase TRU stocks in Region A, the two-region system
with scenario #1 is more efficient in terms of TRU stocks reduction than Region A on its own,
isolated from the once-through Region B. Even though TRU stocks increase in Region A,
equilibrium may be reached for each fuel cycle option and a 'good' choice can be specified for
recycling plants nominal capacities. The additional cost for greater TRU stocks reduction is paid
by Region A only and the magnitude of this additional cost is about 3 mills/kWh.
* The optimum strategies are the LWR/GFR strategy with 2,000 MT/yr separation plants, or the
LWR/ABR strategy with 2,000 MT/yr separation plants and 100 MT/yr FFF reprocessing plants
such as when Region A is isolated from Region B. Under scenario #1, it is not optimal to build
the 7,000 MT/yr separation plants and the 2,000 MT/yr FFF reprocessing plants that have the
lowest capital cost per unit of capacity.
* Scenario #2: "Limited Collaboration"
* In terms of TRU stocks, whereas scenario #1 saw Region A being worse off, while Region B and
the two-region system were better-off, scenario #2 makes Region A and the two-region system
better-off, compared first to the scenario of isolation and second to scenario #2. Obviously,
Region B is worse off than with scenario #1 but is better off than with the scenario of isolation.
In terms of fuel cycle costs, scenario #2 makes Region B worse off, compared to the scenario of
isolation, and particularly to scenario #1. The fuel cycle cost disadvantage for Region B ranges
from 5 mills/kWh to 10 mills/kWh. It is unclear that Region A is better off or worse off with
scenario #2, as compared to scenario #1; the sign of the fuel cycle cost difference changes with
time and depends on the size of recycling capacities used; over all strategies, the fuel cycle cost
difference for Region ranges from -10 mills/kWh up to 7 mills/kWh.
* The optimum strategy is the LWR/GFR strategy with 7,000 MT/yr separation plants, which have
the lowest capital cost per unit of capacity.
38 We call TRU stocks the TRU inventories in interim storage.
168
Scenario #3: "Full Collaboration"
* In terms of TRU stocks, scenario #3 is not always advantageous over scenario #2 for all fuel
cycle options and recycling capacity sizes. However, with the criterion of minimization of
cumulative TRU stocks by 2100, Region A&B is always better off under scenario #3 than under
scenario #2, except for the LWR-CONFU strategy with medium-size plants. The aggregated fuel
cycle cost over the fleet of Region A&B is about 8 mills/kWh in 2100. For Region B, compared
to scenario "Isolated" and to scenario #1, this is an increase of 3 mills/kWh, which is less than
with the 5 mills/kWh increase under scenario #2. Region A incurs the same fuel cycle cost with
total collaboration as it does when it is isolated.
* The optimum strategy is the LWR/GFR strategy with 7,000 MT/yr separation plants, which have
the lowest capital cost per unit capacity.
Finally, from the point of view of Region A, the issue is whether or not Region A should launch a
partnership with Region B, and, if so, which type of partnership. We found that:
* The optimum cost and TRU limiting case for Region A is to be aggregated with Region B and
collaborate totally for the deployment of Gas-cooled Fast Reactors and the construction of large 7,000
MT separation plants, starting in 2040.
The recycling pace required to have an effective multi-regional TRU management with transactions from
one region to the other require that the construction pace of recycling facilities is sufficiently high, so that
TRU excess capacity at a domestic level could be used by partners. We found that the US would need a
construction pace of recycling facilities higher than 500 MT/yr per year for separation plants after 2040;
this means that more than one plant like the Japanese Rokkasho-Mura recycling facility should be built
every two years on US soil. This construction pace is rather high considering the barriers to entry that
exist in the spent fuel recycling industry, among which are the technological expertise needed, the large
amounts of capital expenditure required, technical constraints, and licensing requirements.
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Appendix A: Methodology to derive the core characteristics of an "equivalent" fast reactor
with a 1.5 year cycle length
Take c,, and cFR as LWR and FR cycle lengths. Take HMFR for the heavy metal mass of a FR batch
to be loaded and HMFR for the heavy metal mass of a discharged FR batch. Let csLwR and csR be the
number of batches in LWR and FR cores. Let ILWR and lFR be LWR and FR lifetimes. A simulation of the
steps over the lifetime of the reactor can be as:
Fast Reactor Cycles 0 1 ... FR / CFR
HM mass loaded CSFR x HMo HMOR ...
HM mass discharged 0 HMFR ... CS, x HM R
If we ignore the first and the last cycles, loaded and discharged rates - LID - are constant:
L = HMOR [MTICFR ]
D=HMRsR  [MTIcFR ]
Under the approximation that the fast reactor is loaded and discharged continuously at constant rates, with
rho = cFR/CLWR, L ID for the fast reactor can be written the following way:
HMFRF HM 1 HMFRL=HMFR  [MT/cFR ]=HM [MTyr]=HM 1 [MTyr]=HM [MT/cLWR
CFR rho cL rho
HMFR HM"FR 1 HMR
D=HMFR [MT/cFR] sf [MT/yr]- s [MT/yr]= sf [MT/cL,]
CFR rho cLWR rho
The first loading - Lo - and the last discharge - D. - for fast reactor can also be transformed:
Lo = CFR HMOR [MT] = (csFR -rho).(HMo~ / rho) [MT]
D = CSFR HMR [MT] = (CFR rho) (HMFR / rho) [MT]
With • sF= round(csF x rhoY9, let's define a fictional reactor, which we call "equivalent" fast reactor,
with a number of batches in its core equal to SFR, with fresh batches that have a mass of HMFR /rho and
spent batches that have a mass of HMFR Irho, and finally with a cycle length of cL = 1.5 years.
Let MLOT be the total real mass of heavy metals loaded in the fast reactor during its lifetime. The total
number of batches loaded into the fast reactor during its lifetime is (csFR -1) + lFR /c . Therefore:
MOT = [(csFR -1)+1+ cFR]- HMFR
39 round(x) is the closest integer to x. round(1.2) = 1 and round(1.9) = 2.
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Let M'LOT be the total mass of heavy metals loaded in the "equivalent" fast reactor. The total number of
batches loaded into the "equivalent" fast reactor during its lifetime is (cFR -1) + FR CLWR. Using
rho = cFR /CLWR, we obtain:
flcTOT = [(round(csR . rho) - 1) / rho+ IFR /CFR ] HMFR
Thus, using the characteristics of the "equivalent" fast reactor in CAFCA II instead of these of the real
fast reactor yields a relative error errL:
I =r -TOT MroT _ 1 [round(csFR rho) -csFR rho]+[rho-1]
err MLor rho [(csF -1)+ 1FR /cFR,]
1/2+l rho-1 1/2+rho-l1 I -CLW
As Ix - round(x)l < 0.5: errL < FR -LWR
FR /CLWR 40 80 60
A similar inequality can be derived for total masses of heavy metals discharged from the fast reactor and
the "equivalent" fast reactor. The error errD has the same upper bound as errL. For Actinide Burner
Reactors and Gas-cooled Fast Reactors, we have errD and errL lower than 3%. We consider these relative
errors to be acceptable for CAFCA II.
Let's calculate now the mass parameters and core sizes of the "equivalent" fast reactors we will use in
CAFCA II. For Actinide Burner Reactors, we have:
csFR= 2 ,cFR = 1.2yr , cLw = 1.5y
roun• csFR - = 2=csFR
CLWR /
Simulating the fuel cycle for the ABR cycle with a 1.5 year time-step requires only adapting the ABR
mass parameters: the mass of a fresh batch is 2 MT, instead of 1.6 MT, and the mass of a spent batch is
1.63 MT, instead of 1.31 MT.
For Gas-cooled Fast Reactors, we have:
csFR = 3, CFR = 2 .5", CLwR =1.5yr
roun(csFR CFR =5  CSFR
CLWR /
Simulating the fuel cycle for the GFR cycle with a 1.5-year time-step requires not only adapting GFR
mass parameters but also the size of the core. The mass of TRU in a fresh batch is 2.20 MT instead of
3.66 MT. The mass of U in a fresh batch is 9.66 MT instead of 16.10 MT. The mass of U in a spent batch
is 8.57 MT instead of 14.28 MT. There are 5 batches in each core of "equivalent" Gas-Cooled Fast
Reactors instead of 3.
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Appendix B: Fuel cycle costs - One-region case study - Base case
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Figure 46: Detailed Fuel Cycle Cost for the LWR-CONFU strategy - Base case - (i)
174
15
1 C10
5
A
10
5
-..- i········ ···· i·-- ...........··
.......... .... ... ..l  .. ... I . I.. ... ·...... ·i  · ·....i.. .......
.. j...i.......i · ...i ....... ..-i-·.: ·.i...i ....:... . ...
·; ···; ···- -; ···: ··· ; · · 1·- : ·· · · ·- · · ··i ·· ·i · ····1 ··· I·· · ·:· · ......... .·-··i
/_
I. . . . . . . . . . . .. ... . .. ,
FCC - Without subsidy
*Mine
SConversion
* Enrichment
UO2 pins fab.
E[lAdv. pins fab.
l UO2sf separ.
*Adv.sf recycl.
*Storage
2020 2040 2060 2080
FCC - With subsidy
MMine
MConversion
* Enrichment
ý U02 pins fab.
EAdv. pins fab.
* UO2sf separ.
MAdv.sf recycl.
*Storage
2020 2040 2060 2080
Figure 47: Detailed Fuel Cycle Cost for the LWR-CONFU strategy - Base case - (ii)
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Figure 48: Detailed Fuel Cycle Cost for the LWR-CONFU strategy - Base case - (iii)
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Figure 49: Detailed Fuel Cycle Cost for the LWR/ABR strategy - Base case - (i)
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Figure 50: Detailed Fuel Cycle Cost for the LWR/ABR strategy - Base case - (ii)
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Figure 51: Detailed Fuel Cycle Cost for the LWR/ABR strategy - Base case - (iii)
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Figure 52: Detailed Fuel Cycle Cost for the LWR/GFR strategy - Base case - (i)
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Figure 53: Detailed Fuel Cycle Cost for the LWR/GFR strategy - Base case - (ii)
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Figure 54: Detailed Fuel Cycle Cost for the LWR/GFR strategy - Base case - (iii)
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Appendix C: Cost of Electricity (COE) - One-region case study - Base case
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Figure 55: Average total production costs of electricity for the LWR-CONFU strategy - Base case
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Figure 56: Average total production costs of electricity for the LWR/ABR strategy - Base case
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Figure 57: Average total production costs of electricity for the LWR/GFR strategy - Base case
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Appendix D: TRU mass balance - One-region case study - Low case
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Figure 58: TRU balance for the LWR-CONFU strategy - Low case
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Figure 59: TRU balance for the LWR/ABR strategy - Low case
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Figure 60: TRU balance for the LWR/GFR strategy - Low case
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Appendix E: Spent fuel recycling plants - One-region case study - Low case
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Figure 61: Spent fuel recycling plants for the LWR-CONFU strategy - Low case
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Figure 62: Spent fuel recycling plants for the LWR/ABR strategy - Low case
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Figure 63: Spent fuel recycling plants for the LWR/GFR strategy - Low case
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Appendix F: TRU mass balance - One-region case study - High case
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Figure 64: TRU balance for the LWR-CONFU strategy - High case
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Figure 65: TRU balance for the LWR/ABR strategy - High case
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Figure 66: TRU balance for the LWR/GFR strategy - High case
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Appendix G: Spent fuel recycling plants - One-region case study - High case
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Figure 67: Spent fuel recycling plants for the LWR-CONFU strategy - High case
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Figure 68: Spent fuel recycling plants for the LWR/ABR strategy - High case
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Figure 69: Spent fuel recycling plants for the LWR/GFR strategy - High case
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Appendix H: Feedback algorithms for multi-region nuclear fuel cycle simulations
Feedback algorithms are used to optimize the deployment of advanced reactors and spent fuel recycling
plants. In the remainder of this appendix, the letter r in superscript represents a region; r is an integer
between 1 and N. The letterj in subscript represents advanced reactors ifj = 1, separation plants ifj = 2,
and FFF reprocessing plants ifj = 3.
Let's consider, at time t, the situation at the end of a one-step fuel cycle simulation for all three countries.
Let Cr = true if all existing fast reactors in region r have been loaded with fuel. If Cr = false, then we
calculate the number of fast reactors that have been built in excess in the past in region r, which we write
N,. Let C2 = true if the average capacity factor of the fleet of separation plants in region r is higher than
its minimum targeted value. If C2 = false, then we calculate the number of separation that have been built
in excess in the past in region r, which we write N2 . Let Cf = true if the average capacity factor of the
fleet of reprocessing plants in region r is higher than its minimum targeted value. If C' = false, then we
calculate the number of separation that have been built in excess in the past in region r, which we write
Nr.
Let's consider first the algorithm presented in figure... If Cj = true then Tj = t + 1. Otherwise TJ is the
time step, at which the construction of the oldest 'problematic' facility (advanced reactor ifj = 1, etc.)
occurred. The variable NBj (r) represents the number of plants that need to be 'deconstructed' at time r.
Figure 70: Feedback algorithm (step 1) for the multi-region model
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Based on the algorithm presented in figure 70, consider the algorithm presented in Figure 71.
r=0
L
Figure 71: Feedback algorithm (step 2) for the multi-region model
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